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Techniques for Comparing Four-Terminal-Pair 
Admittance Standards 


R. D. Cutkosky 


Institute for Basic Standards, National Bureau of Standards, Washington, D.C. 20234 


(June 26, 1970) 


Some of the advantages of four-pair admittance standards and some of the special problems 
encountered in their measurement are pointed out. Detailed descriptions of three distinct types of four- 
pair bridges and some of their limitations are presented. These three bridges form a vital part of a very 
precise absolute measurement of resistance based on a calculable capacitor being undertaken at the 
National Bureau of Standards, but are believed to be of more general usefulness. 


Key words: AC direct-reading ratio set; ac measurements; bridge; coaxial chokes; defining trans- 
formers; equal power bridge; four-pair standards; frequency-dependent bridge; quadrature bridge. 


1. Introduction 


The quest for improved accuracy in the measure- 
ment of audiofrequency admittances has led from the 
now universally accepted practice of utilizing two pair 
standards, such as so-called three-terminal capacitors 
for high-impedance devices and such as mutual induc- 
tors for low-impedance devices, to a composite system 
combining the advantages of both techniques. A theo- 
retical justification of this composite system in which 
the standards are provided with four pairs of terminals 
was published in 1964 [1]', but with the exception of a 
paper by Homan [2] which was limited to measure- 
ments on fairly small impedances, no systematic in- 
vestigation of four-pair admittance measurements has 
yet been described. The process of converting to four- 
pair measurement systems has been underway at the 
National Bureau of Standards for several years, dur- 
ing which time many of the special problems involved 
in their use have been investigated. This paper is an 
attempt to describe some of the techniques which have 
evolved, and to indicate the order of precision that may 
be obtained. 

The techniques described in this paper are of gen- 
eral applicability but were developed for the specific 
purpose of comparing the reactances of capacitors 
having nominal values of 10 pF with the resistance of a 
special 1000-0 resistor having a negligible frequency 
dependence [3]. The three basic types of bridges used 
for making this comparison are described here in 
_ some detail. It is intended to calibrate the 10-pF ca- 
pacitors by means of a calculable capacitor now under 
construction at NBS. A de comparison of the 1000-0 
resistor with the bank of 1-0 resistors presently main- 


' Figures in brackets indicate the literature references at the end of this paper. 
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taining the NBS unit of resistance will then complete 
an absolute measurement of the ohm. 

Because of the large number of intervening steps 
between the calculable capacitor and the bank of 
1-0 resistors, very elaborate precautions are necessary 
to maintain a high level of accuracy. Using the tech- 
niques outlined here, it is expected that the principal 
uncertainties in the measurement sequence will be 
due to mechanical imperfections in the calculable 
capacitor. 

Although a rather complex sequence of auxiliary 
balances is required with the bridges described in this 
paper, they are not prohibitively time-consuming for 
the limited number of comparisons needed in an 
absolute ohm determination. These techniques would 
be considerably less attractive for a bridge in constant 
use, but this would be less of a drawback in a computer- 
operated system. It is considered that techniques 
similar to those described in this paper are essential 
if uncertainties must be kept smaller than | part in 10° 
over a large range of impedances at audiofrequencies. 

The equivalent circuit of a four-pair admittance 
standard is shown in figure la, taken from the paper 
cited above [1], and in an abbreviated form, in figure 
lb. The standard may be viewed as a device in which 
the ratio of current in pair 3 to the open circuit voltage 
at pair 2, subject to the condition that both the voltage 
and current at pair 4 are zero, is the parameter of 
interest. This parameter has the dimensions of admit- 
tance and may be written 
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14 
32 


oe = 
e lz l4 0, e4 0. 


(1) 


It may be shown using figure la that 


P¥$=Y,(1+ Y2Z2) (1 + Y3Z3). 








An interesting reciprocity theorem also exists, which 
shows that P}4=P 4} for any four-pair network. 


Zz, Yr Zs 


AAA AAA AAA, 
e VW VW VW < 





1%S me $Y Yes $24 $5 3 






































FIGURE 1. Four-pair admittance standards: (a) Complete circuit. 


(b) Pictorial representation. 


Some properties of four-pair admittance standards 
which make them particularly useful are their relative 
insensitivities to variations in series impedances and 
shunt admittances in the leads as is implicit in (2), 
and the fact that standards of either very small or 
very large admittance may be constructed in such a 
way that their four-pair admittances are nearly 
identical with their ordinary two-pair admittances 
obtained by either open circuiting or short circuiting 
the two extra terminal pairs. These properties are 
discussed in the reference cited above [1]. 

Ordinarily the relationship between the four-pair 
admittance of a standard and its admittance when 
treated as a two-pair standard is of interest only when 
the standard is some kind of absolute or calculable 
instrument, and it is necessary to determine the 
difference between the calculated admittance at some 
internal and inaccessible location, and the effective 
four-pair admittance at the external connection points. 
Examples of this type of standard are calculable 
capacitors, calculable inductors, and resistors having 
calculable phase angles or ac-de differences. Such 
devices are outside the scope of this paper, which is 
restricted to the problem of comparing four-pair admit- 
tance standards with each other. 

Implicit in the adoption of either a four-pair or a 
two-pair approach is the requirement that the connec- 
tions are indeed treated as pairs, and that there is 
no net current from one terminal pair to another. Many 
advantages result from grouping the terminals of a 
standard in pairs. Consider the simple case of a three- 
terminal capacitor provided with two coaxial connectors 
and with a permanent connection between the shields 
of these connectors. Conceptually the measurement 
of the capacitor consists of applying a voltage, e, to 
one connector pair and measuring the short circuit 
current i at the other connector pair. The transfer 
admittance of the device is then given by 


Soe , i 
= joC + CG =-. 
Jo "a 


The transfer admittance defined in this way is a func- 
tion of the impedance in the connection between the 
shields of the coaxial connectors, but there is no 
ambiguity in the definition as there would be if a single 
ground connection of unspecified placement were used 
for both the input and output. 

One of the principal reasons for defining the standards 
in terms of isolated coaxial connector pairs as sketched 
above is that under these conditions there is exactly 
the same current but with reversed sign in the inner 
wire of each cable as there is in the surrounding 
coaxial shield, and therefore the magnetic field 
exterior to both cables is zero. This eliminates possible 
mutual inductive couplings between the cables used 
to interconnect a number of components together to 
form a bridge. Likewise, even if stray magnetic fields 
were present in.the vicinity of the coaxial cables, no 
induced voltages would be produced by these fields 
to affect the measurement. Although these arguments 
pertain only to the connecting leads of the devices, 
the devices themselves can be quite easily isolated 
from each other by providing them with individual 
mu-metal shields when this is needed. 

Four-pair admittance standards are constructed 
with four coaxial connectors, and the advantages 
gained by preventing net currents from flowing 
between the four connector pairs are very great, as 
this eliminates external magnetic fields and _ their 
effects on the measurement. In this respect, the 
practice of dealing with five terminal standards having 
a single, common ground connection cannot be 
recommended. 

It is necessary to maintain the conditions of zero net 
currents in the cables of components defined as 
outlined above when they are interconnected to form a 
bridge circuit. Coaxial chokes were developed for 
dealing with this problem [4], and are effective in 
attenuating the net currents in the cables by a factor 
of several hundred. Unfortunately the net currents are 
not completely suppressed by coaxial chokes. A method 
for estimating the errors caused by incomplete sup- 
pression of net currents by coaxial chokes is described 
later in this paper. 

Most of the bridge circuits appearing in this paper 
show explicitly the coaxial nature of the components. 
This was done to emphasize the importance of consid- 
ering the return currents in the shields. After some 
practice in dealing with circuits drawn in this way, 
they are much easier to relate to the physical bridge 
setup than are the conventional textbook bridge cir- 
cuits. Some difficulty may be experienced at first in 
translating the still useful and important body of 
classical bridge theory to the coaxial form of presenta- 
tion. It may be an aid in understanding some of the 
circuits in this paper to redraw them with a common 
ground point. If this is done, the similarities between 
many of the auxiliary balance systems used here and 
common classical techniques, such as yoke and lead 
balancing in Kelvin double bridges, and the use of 
Wagner and conjugate Wagner arms in ac bridges, 
can be readily seen. Redrawing the circuits in this 
way must be thought of purely as an aid to understand- 




















ing, because any attempt actually to construct a cir- 
cuit without proper attention to the details of the shield 
return circuits would result in large and erratic errors 
dependent upon the accidental arrangement of the 
leads. 

A final but important introductory point about com- 
parisons of four-pair admittances, or indeed any other 
kind of admittances, is that even though the standards 
are defined subject to certain constraints on the cur- 
rents and voltages, it is not necessary when comparing 
two such standards to satisfy any of the defining con- 
ditions; it is merely required that the same result be 
obtained for the ratio of the four-pair admittances being 
compared as would have been obtained if the condi- 
tions had all been satisfied. This observation opens up 
a very wide range of possibilities in the design of bridge 
circuits, and is related to the techniques described by 
Thompson for dealing with bridges involving multiple 
balances [4]. The Kelvin bridge for comparing four- 
terminal de resistors also makes use of this principle, 
since currents exist in the potential leads of the resis- 
tors, but cause no errors. 


2. Basic Comparison Circuits 


Figure 2 shows four four-pair admittances connected 
in a bridge circuit involving six generators and six 
detectors. The balance procedure consists (for ex- 
ample) of arbitrarily fixing one generator, and then 
adjusting the other five generators and one of the four 























FIGURE 2. 


Elementary four-pair bridge. 


four-pair admittances until all six detectors are bal- 
anced. The balance condition is P;P,;=P2P3. If all 
generators and detectors are interchanged, the bridge 
network retains its form, and it may be shown, using 
the reciprocity theorem for four-pair networks, that 
the balance condition is unchanged. 

The scheme of figure 2 contains a number of draw- 
backs, chief among which is the difficulty in simul- 
taneously nulling six detectors, all of which are affected 
in various ways by the six adjustable parameters. This 
problem is solved in principle by mixing the various 
null detector responses in a suitable combining net- 
work to obtain six new null detector responses, each of 
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which is a weighted average of the six original null 
detector inputs. The combining network parameters 
are chosen so that the matrix relating the new detector 
responses to the adjustable parameters is diagonal 
[4,5]. In this case, only the detector which responds to 
the adjustable four-pair admittance, called the main 
detector, is of interest, and the others need to be bal- 
anced only if the non-diagonal elements of the matrix 
are not exactly zero. 

A more fundamental problem encountered in realiz- 
ing figure 2 has to do with shunt admittances to ground 
associated with the detectors which compare the open 
circuit voltage of one standard with that of another, and 
with shunt admittances to ground associated with the 
generators between the current leads of two adjacent 
standards. By the reciprocity theorem the effects of 
these sets of leads are similar, and any solution found 
for one problem may be immediately applied to the 
other. The nature of the problem and the order of mag- 
nitude of the possible errors likely to occur may be seen 
from (2), which shows that the effect of admittance to 
ground in the potential lead is to load the leads joining 
the internal junction points of the standard with the 
point at which the open circuit potential is to be meas- 
ured. The effect of admittance to ground at the cur- 
rent lead is to shunt some of the current to ground 
before it enters the adjacent standard. 

The lead effects described above are unlikely to ex- 
ceed a few parts in 10’ at audiofrequencies, unless 
interconnecting cables longer than several meters are 
used. Even with very long cables, no errors result pro- 
vided that these cables are treated as part of the stand- 
ard, so that their effects are the same when the 
standard is calibrated as when it is used for calibrating 
another standard. However, the stabilities of the series 
impedances and shunt admittances of the cables must 
be considered. 

The network used to interconnect the ends of the 
two cables and the null detector or generator is in prin- 
ciple a three-pair network, since the interaction of the 
null detector or generator terminal pair must be in- 
cluded in the matrix description of the network. This 
network must be carefully constructed so that the 
admittances shunting the cables from the standards 
are small, equal, and measurable; and so that the inter- 
action of the null detector or generator with the other 
two terminal pairs is simple to analyze. An ideal three- 
pair circuit for accomplishing the desired objectives 
would provide a direct, completely reproducible con- 
nection between the two coaxial cables, except for an 
infinitesimal gap between their inner conductors, and 
with provision for connecting a nul! detector or genera- 
tor across this gap. A network electrically equivalent to 
the above is employed at NBS which we call a defining 
transformer, shown pictorially in figure 3. A particular 
advantage of this network is that one side of the detec- 
tor or generator terminal pair is at ground potential. 

When used in the potential leads of the bridge 
shown in figure 2, the potential leads from the two 
standards are connected to terminals A and B of the 
defining transformer. The direct internal connection 
between the inner conductors, in connection with the 








return through the outer shield, provides a one-turn 
loop around the high-permeability core shown shaded. 
A detector is connected to a 100-turn winding on this 
core via the coaxial connector C, and indicates a null 









































, omnia a ia 
EAA ee ; 
j Yh, { c 
H OO TURNS INSULATION 
4% 

“= Sy . 





tom 


I 




















FIGURE 3. “Defining transformer” for terminating 


potential leads of four-pair standards. 


current and 


if the potentials at A and B are equal. Capacitance 
between the 100-turn winding and the connection 
between the inner connectors of A and B could cause 
substantial errors. An internal shield with a thin air 
gap as shown eliminates this problem. Incomplete 
shielding can be detected by interchanging A and B. 

When using defining transformers in a bridge, the 
potential leads are considered to terminate at the 
center of the device, in the region of the insulated 
gap in the inner shield. A number of nearly identical 
defining transformers have been built such that they 
may be used interchangeably to terminate the potential 
leads of the standards without changing the loads on 
the leads. These devices are used in the current leads 
also, in which case a generator may be substituted for 
the null detector. 

Some objection may be made to the use of these 
devices, in that the standard is no longer an entity in 
itself, but has a definition dependent upon a termina- 
tion; which might more properly be considered as part 
of the measuring instrument. Precedents do exist for 
this type of procedure, an example being the use of a 
precision coaxial connector on atwo-terminal capacitor, 
for which a correct measurement requires a mating 
precision connector. In practice a very substantial 
simplification of our measurements was found to 
result from the introduction of defining transformers. 

The technique which we use for measuring the 
effects of net currents between one terminal pair and 
another in a bridge containing coaxial chokes is rather 
cumbersome, but provides a reliable measure of the 
errors caused by non-ideal coaxial chokes. It is first 
assumed that every ground loop in the system to be 
investigated contains a coaxial choke, and that the 
minimum possible number of chokes to accomplish 
this purpose is used. This does not imply that one 
cannot add as many ground loops as may be desired, 
but simply that in the final circuit all ground loops 
are interrupted with a minimum number of coaxial 
chokes. Singling out a particular choke for investiga- 
tion, a single turn of wire is wrapped around the core 





of the choke and connected to an auxiliary detector. 
The deflection of this detector is a measure of the 
voltage tending to drive current through the choke. 

A quantitative measure of this voltage may be 
obtained using the voltage insertion transformer shown 
in figure 4. This device consists of a high permeability 


200 TURNS 
MU-METAL SHIELD 






























































LrLZZTIITITT. 
i 

TAF ALAS, N 
ON V3 CHL : NIZA g 
, St tf7 7 NESS 
A) Yip ifs ANI g 

4 
N VSL, AN FZ CORE 77 
Ny ANZZ7AM oc 
ON AL LLL ' On LeLede tom 
G | 

<“orsesrsr | 


FIGURE 4. Voltage insertion transformer for investigating errors 


caused by net currents in coaxial cables. 


toroidal core wrapped with 200 turns of wire connected 
to a coaxial connector. A toroidal mu-metal shield 
surrounds the core and winding, so that negligible 
magnetic fields exist outside of the shield when the 
200-turn winding is excited. In use, the cable leading to 
the choke selected for testing is passed through the 
hole in the shield of this device, forming a 200:1 
transformer. A voltage source derived from the same 
oscillator supplying the bridge, and adjustable in both 
real and imaginary components, is connected to the 
200-turn winding. We find that an operational amplifier 
circuit described in an earlier paper [6] is convenient 
for this purpose. 

The voltage source is adjusted until the auxiliary ’ 
detector monitoring the voltage across the coaxial 
choke registers a null. The real and imaginary parts 
of the adjustable voltage required to obtain this null 
are recorded. The next step is to remove the auxiliary 
detector and to change the adjustable voltage by an 
amount large enough to yield sufficient sensitivity 
but not large enough to drive the choke into a nen- 
linear region. The real and imaginary parts of the 
change in balance point of the bridge caused by this 
change in ‘applied voltage are recorded. A straight- 
forward manipulation of the various complex quantities 
obtained by this scheme allows one to calculate the 
real and imaginary parts of the error caused by in- 
complete suppression of net current by the coaxial 
choke. 

All of the coaxial chokes in the system are evaluated 
in this way. An algebraic addition of the individual 
errors then gives the total error, which is applied as a 
correction to the raw results of the measurement. 

The technique sketched above could be generalized 
for a system with M chokes. by providing each of the 
V chokes with voltage insertion transformers, and by 
bringing all of the choke voltages simultaneously to 
a null as indicated by M auxiliary detectors. In this 
case no net currents with their attendant errors would 
exist, and there would be no corrections to apply to 
the bridge balance. The complete system applied in 
the circuit of figure 2 could then be viewed as one with 
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W+6 adjustable parameters and with WV+6 null 
detectors. One could conceivably construct a combin- 
ing network to diagonalize the matrix relating these 
two vector quantities to make the effects of net choke 
currents less important. This has not yet been required 
for our purposes, since the residual errors due to net 
currents through the chokes are small enough to be 
measured with adequate precision using the extrapola- 
tion technique sketched above. 

It is very important that one uses the minimum 
number of chokes necessary to break all ground loops 
when the normal loop voltages are measured by balanc- 
ing them out as indicated above. If two chokes of equal 
impedance were in series in a particular loop, the 
method described would assign the total loop voltage 
to each choke, when in reality each choke would have 
across it only half of the total voltage. A simple test 
for multiply choked loops is to measure the voltages 
at each choke produced by exciting each loop in turn 
with a voltage insertion transformer. If the non- 
diagonal terms of the resultant matrix are much smaller 
than the diagonal terms, no multiply choked loops exist. 

It is found in measuring the effects of the chokes in a 
given system that they can often be placed in cate- 
gories according to the amount of voltage driving the 
loop, and according to the effect of a loop voltage on 
the bridge balance. The measurement error caused by 
a coaxial choke having insufficient impedance is large 
only if the loop voltage driving a choke is large and 
if a voltage in this loop has a strong effect on the 
bridge balance. It is usually possible to arrange a 
bridge in such a way that no choke has both un- 
desirable characteristics. This usually requires the 
addition of extra ground connections with an extra 
choke for each added connection. The procedure for 
accomplishing this is at this time largely empirical. 

Coaxial chokes do not provide the only means 
for suppressing net currents in coaxial cables. Isolation 
transformers are used in some cases, and net currents 
can then result from unbalanced interwinding capaci- 
tances. If the interwinding capacitances are very 
poorly balanced, the effective ground loop voltage 
can be quite high, and the accurate measurement of the 
errors due to the resultant ground loop current is 
rather difficult. In such cases it is usually best to 
measure the current directly, for example by converting 
the voltage insertion transformer to a current sensor 
by connecting a phase-sensitive voltmeter in parallel 
with a low impedance load to the 200-turn winding. 

About the only other errors likely to occur in a four- 
pair bridge are those caused by stray couplings between 
the various components. These effects can usually 
be made negligible with electrostatic and electro- 
magnetic shields, and tests for the effectiveness of 
these shields are not difficult to perform. Eccentric 
coaxial cables usually cause no serious problems, but 
must be considered. In some cases acoustic couplings 
can be troublesome, particularly if the generator and 
detector circuits both contain partially magnetized 
transformers. The 100:1 bridge described in section 5 
suffered from this effect initially, but after the cores 
were carefully demagnetized and after the addition of 
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some acoustic insulation, the errors due to acoustic 
coupling were reduced to a few parts in 10'°. The 
mechanism responsible for the acoustic coupling 
involves magnetostriction in the core of the transformer 
in the generator circuit. If the core is partially mag- 
netized, the acoustic output of the core will contain a 
component at the same frequency as the generator in 
addition to the expected but less troublesome com- 
ponents at the even harmonics of the generator 
frequency. The resultant mechanical excitation of the 
transformer in the detector circuit causes no trouble 
unless the detector transformer is also partially mag- 
netized, in which case a fundamental frequency com- 
ponent of current can be generated. 

Some care must be taken when adjusting the meters 
of the null detector to zero deflection in the absence 
of a signal. It had been the practice at NBS to discon- 
nect the admittance standards of a bridge from the 
voltage transformer to which they were normally 
connected and to zero the meters with the voltage 
transformer excited. This technique eliminates most 
of the errors due to magnetic coupling from the 
oscillator and voltage transformer to the detector, 
and also eliminates some of the errors caused by im- 
perfect coaxial chokes. When the choke errors are 
measured independently as sketched above, this 
procedure could result in a double correction for 
some of the choke errors. 


3. Quadrature Bridge 


As the first example of an actual four-pair bridge, 
we will use a type of frequency-dependent bridge of 
which two-pair versions have been in existence for 
some time [4, 7, 8, 9]. The circuit is basically the same 
as that described by Thompson [4| and uses the twin- 
tee detector coupling network proposed by him. The 
NBS bridge contains two 10°-C four-pair resistors and 
two l-nF four-pair capacitors, and operates at an 
angular frequency of 10* rad/s, which corresponds to a 
frequency of about 1592 Hz. Figure 5 shows a partial 
schematic of the NBS four-pair quadrature bridge, in 
which D, through Ds are null detectors, 7; through Ty 
are defining transformers, and P; through P, are the 
four-pair admittance standards. Seven of the eight 
complex adjustments required to balance the eight 
null detectors are indicated by either admittances or 
generators with arrows through their symbols. These 
seven adjustments are required only for realizing the 
defining conditions for the four-pair admittances, and 
may be uncalibrated. The eighth complex adjustment 
required to balance the bridge is made through the 
use of two seven-dial inductive voltage dividers 7. and 
T;, which drive small fixed capacitors labeled Y; and 
Y,. This complex pair of adjustments serves to indicate 
the relationship between P,, P2, P3, and P,. Using the 
notation indicated on figure 5, we have when all 
detectors are balanced 
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FIGURE 5. Four-pair quadrature bridge with detector combining network deleted. 
If we represent the ratio of 7, by e»=—ea(1+8) If we let Px=Gy+joC,, Ys=jwC; and Ys=jwCs and 

with 5 complex and | 8 | <1, and since eq ~ ea(2ki— 1) ~— assume that G, ~ G; ~ wl. ~ wC, and that wl, <G,, 
and er ~—ep(2k:—1), we have the balance condition gC; <G 3, G:<wC: and G,<wC,. we may separate 


P3[P1+ Y3(2k:— 1) ] ~—P2(1+ 8) [Ps— Ye(2k.—1 )}. 
(3) 
A repeat measurement is made with the connections 
interchanged at points A and B, and with the connec- 
tions between 7, and the defining transformers 7; and 
Ty interchanged. This reverses the sign of 6 to first 
order, and also reverses 7, and T3, so that 
—2k;) 


ey ~ ea(l and ey ~ —ep(1 —2k;). 


The resultant balance condition is 


P3[P,+ Y;(1 — 2k; )] =—P,(1 —8)[Ps— Ye(1 —2k;)]. 


(4) 
Averaging (3) and (4) we have 
P3[P,+ Ys(ki— ky) ] ~—P2lPs— Yo(ke— ky) J. (5) 


real and imaginary parts of (5) to obtain 
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which relates the main components of the four-pair 
admittances, and 


wl; wl; Gs Gy G; ot 
G, af G; yee gd (hy 


wC 4 Ce 














—k,) (7) 


which relates the phase angles of the four-pair 
admittances. 

The approximations made in deriving (6) and (7) 
cause no errors exceeding 2 parts in 10! for the NBS 
four-pair quadrature bridge. Under less ideal condi- 
tions, the second-order correction terms might be 


required. 
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The nominally 1:1 transformer 7, in figure 5 is of 
two-stage construction [6, 10], with a mu-metal shield 
between the first and second stages, and with another 
mu-metal shield surrounding the entire transformer. It 
can be seen that when the null detectors Dg and D; are 
balanced, the output terminal pairs of 7, are subject to 
open circuit conditions as defined at the central refer- 
ence planes of the defining transformers T; and 75. The 
voltages eg and e, in the equations above are referred to 
these reference planes in a manner analogous to the 
definitions of the open circuit voltages of the four 
pair standards. Reversal of 7; is accomplished by re- 
connecting the cables at the points of entry to 7; and 
Ty, which has a negligible effect on the open circuit 
ratio. 


Three of the eight null detectors shown in figure 5 
are not operated on by the combining network used 
with the bridge. The detectors labeled Ds, Dz, and Ds 
connected to 7;, T;, and 7, are brought to a null one 
at a time by adjusting Y7, Y:o, and either Yx or Ys, after 
which these detector terminals are shorted to reduce 
the effect on the main detector of a slight error in these 
auxiliary balances. This technique works very well for 
adjusting Y; and Yio, but some convergence problems 
exist with the balance of Y, or Y». Ideally, one would 
like to null the detector Ds connected to 7; by adjusting 
Ys—Yy while keeping Y.+ Yy fixed. One of the other 
balance conditions turns out to involve Ys+Yy but 
not Yx— Yy. In practice, we have been able to achieve 
fast convergences of these two auxiliary balances 
without the elaboration of ganged switches by manually 
tracking Y, with Yo. 

The guiding principle behind the combining net- 
work used with the bridge (see fig. 6) is to combine 
the various detector terminal pairs two at a time and 
further to combine the new detector terminals so 
formed until only one detector terminal pair remains. 
We begin by combining the detector terminals D,; and 
D, of P; and P. to form a single detector terminal Dy 
which does not respond to excitation of 7s, and by 
similarly combining the detector terminals D; and D, 
of P; and P,, to form a single detector terminal Dio 
which does not respond to excitation of 7. The initial 
combining network linking the detector terminals D, 
and D» can be understood by letting e, = e- = 0 in figure 
5 and observing that the circuit between 7 and Dy in 
figure 6 is a Schering bridge, for which a complex 
balance may be obtained by adjusting the two variable 
capacitors C,, and Cj. The circuit is adjusted by 
actually connecting the bridge generator to the input 
lead of 7, rather than to the input of 7). After C,, 
and C,» are adjusted, the input terminal of 7 is shorted. 
The result is that although the voltage at neither D, nor 
D, is exactly nulled, these voltages are very small; 
and since changing the excitation on 7 does not change 
the voltage at Dy, no error results from failure to adjust 
this excitation to obtain individual nulls on the detector 
pairs D, and D.. The combining network between the 
detector terminals of D; and D, is identical with that 
described above, and is adjusted by varying Ci; and 
C\s. The relative sizes of the admittances are chosen 
to produce a minimal effect on the bridge sensitivity 
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and on the operation of the twin-tee combining network 
linking Dy and Dyjpo. 


























FIGURE 6. 


Detector combining network for quadrature bridge. 


The network linking Dy and Dio may be understood 
by letting all generators in figure 5 be zero and by 
assuming that a generator is inserted to make e- # 0. 
The network can be recognized as a twin-tee circuit 
in which a null can be produced at D,, by adjusting 
Rig and C.,. After making this balance, the voltage at 
D,, is independent of the auxiliary adjustment Ys + Yo. 
In practice the twin-tee is adjusted so that changing 
Y,+ Ys produced no change in the detector voltage 
at D,, and Yg+ Yg is adjusted so that changing the 
twin-tee setting produces no change in the detector 
voltage at Dj. 

Although a twin-tee combining network is convenient 
for a quadrature bridge, a detailed noise calculation 
shows that it rather greatly augments the thermal 
agitation noise already present in P; and P3. With 4 
mW dissipated in P; and P3, one has difficulty in 
detecting an unbalance smaller than one or two parts 
in 10°. A substantial improvement could be made by 
maintaining the combining network at low temperature, 
or by separately amplifying the voltages at Dy and 
Do before coupling them together. 

The final combining network links D,, and Ds with 
Dy». It is adjusted by means of the decade inductive 
voltage divider 7;9 and the associated phase-shifting 
network so that inserting a 5-0 resistor in one of the 
cables joining 7, with T2, T;, and 7; to simulate the 
generator shown in figure 5 does not change the 
detector voltage at D,.. After making this adjustment 
the 5-0 resistor is removed. 








The sequence of adjustments outlined above is 
easier to perform than to describe. The entire bridge 
can be adjusted in 10 minutes, and the auxiliary ad- 
justments have been found to drift in a week by less 
than that required to yield an error of 1 part in 10°. 

The complete quadrature bridge consisting of figures 
5 and 6 contains 25 coaxial chokes, each of which 
was checked using the techniques described in section 
2. The largest individual error was found to be | part 
in 10", and the total error resulting from the existence 
of net currents in all chokes, the algebraic sum of the 
individual errors, was about 2 parts in 10". 

Some special problems are encountered in a 
quadrature bridge simply because the balance is 
frequency-dependent. One especially important 
problem is caused by intermodulation distortion in 
the bridge detector between adjacent harmonics of the 
bridge fundamental frequency. These distortion 
products may have components at the fundamental 
frequency, which would cause a substantial error. 
The individual harmonic components entering the 
detector of a frequency-dependent bridge are not 
nulled with the fundamental as they are in a frequency- 
independent bridge, and may be of rather high ampli- 
tude. We use a special filter between 7,, of figure 6 
and the detector amplifier to reject all harmonics of 
the bridge fundamental frequency before the signals 
reach any strongly nonlinear elements. The filter 
contains a bridge network to obtain a zero transfer 
admittance for the second and third harmonics of the 
fundamental frequency, and a doubly tuned circuit to 
attenuate all higher harmonics. The circuit is similar 
to that used in an earlier quad bridge [7] but has been 
modified to yield a smaller noise figure. 


The need for a good filter is indicated by the fact 
that removing the filter results in an apparent change 
in the bridge balance of several parts in 10°. With the 
filter in, tests indicate that the error due to intermodu- 
lation distortion is less than | part in 10°. A convenient 
check on the effectiveness of the filter is to augment 
each of the harmonics present at the detector terminal 
Dy» by injecting an additional current into Dj,» with a 
small capacitor connected to an auxiliary oscillator 
tuned to the appropriate harmonic. Other tests using 
two auxiliary oscillators confirm that the effect is 
indeed due to intermodulation distortion. The tech- 
nique is very sensitive, and can be used to detect 
distortion products resulting from nonlinear mixing of 
frequencies up to at least the 15th harmonic. The 
technique gives only an upper bound to the error 
and would probably not be reliable for determining 
corrections. 

If a frequency-dependent bridge is balanced at an 
angular frequency @=@o, then for @ ~ wo, the detec- 
tor input voltage will be given by ea=ki(@—qo)e,y 
where k; is a complex constant and e, is the bridge 
generator voltage. If the detector contains a sharply 
tuned single section filter (6 dB/octave) having a band- 
width 2@a, then for frequencies near @» the detector 
output voltage will be of the form 
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The power transfer function between the bridge input 
terminals and the detector is then given by 


TR, « —(@—oo)*? __ Aw? _, 
m7, (=a 1+ (22) ® 
Wa @Wa 


If a two section filter were used (12 dB/octave), the 
power transfer function would be 
_— Sy 
TF. = 1+ (42 y : (10) 
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TF, and TF, are plotted in figures 7 and 8 for several 
values of wa. In both cases, oscillator noise components 
with frequencies very near wo are strongly attenuated, 
and those at the edge of the filter pass band are the 
least attenuated. 
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FIGURE 7. Power transfer functions for a frequency-dependent 
bridge followed by a single section filter. 
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FIGURE 8. Power transfer functions for a frequency-dependent 
bridge followed by a double section filter. 


The total noise power reaching the detector depends 
upon the noise spectrum of the oscillator. This is not 
known a priori, but in general is highest near wo. We 
will assume arbitrarily that the noise spectrum is of 
constant amplitude, in order to simplify the calcula- 
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tions. In this case, the total noise power with a single 
section filter would be of the form 
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and for a two-section filter, 


(11) 
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The expression (11) for W, is not realistic because (9) 
is correct only for @ ~ wo. In general TF, would de- 
crease when Aq is very large and would not remain 
constant, so that W, would be very large but finite. 

The advantage of using a two-section filter is obvi- 
ous from figures 7 and 8 and from (11) and (12), and in 
addition the very strong dependence of W, on the filter 
bandwidth can be seen. If the oscillator noise spectrum 
had a peak at w=, the exponent of wa in (12) would 
be reduced, but in practice the observed detector 
noise due to oscillator noise decreases faster than that 
due to ordinary thermal agitation noise in the bridge 
components when the detector bandwidth is decreased. 
We find with the NBS quadrature bridge connected to 
a reasonably clean oscillator that the use of two cas- 
caded filters with time constants of 0.3 s makes the por- 
tion of the detector noise due to oscillator noise about 
equal to that due to thermal agitation noise in the 
bridge components. Filters with 3-s time constants are 
normally employed, in which case the effect of oscilla- 
tor noise is negligible. 

The above discussion deals with noise power and 
makes no distinction between the different effects of 
FM and AM noise. If a frequency-dependent bridge is 
connected to a two-phase phase sensitive detector 
adjusted so that the first channel responds only to the 
“real” part of the bridge balance and the second 
channel responds only to the ““phase”’ part of the bridge 
balance, then the effect of FM noise on the oscillator 
is to give noise only on the first or real channel of the 
phase-sensitive detector, as might be expected. It can 
also be shown that the effect of AM noise on the oscil- 
lator is to give noise only. on the second or “phase” 
channel of the detector. The latter effect is not usually 
anticipated. One consequence of this effect is that 
when the power level of the bridge is being changed, 
the phase channel of the detector is thrown off balance, 
usually by enough to saturate the detector and to 
require a short wait before the detector recovers. 
The separation of FM and AM noise with a frequency- 
dependent bridge can be helpful in the study of 
oscillator noise. 

The main components, P;, P2, Ps, and Ps of the NBS 
quadrature bridge are maintained at 25+0.001 °C in an 
oil bath. The precision of the bridge is limited by the 
temperature variations in the bath and by the load 
coefficients of P; and P;. The sum of all other errors, 
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including that due to thermal agitation noise, is believed 
to be less than 1] part in 109. 


4. Four-Pair Direct-Reading Ratio Set (DRRS) 


The bridge to be described next was actually the first 
four-pair admittance bridge to be completed at NBS, 
and is in some ways not as well conceived as the more 
recent quadrature bridge described above. It is never- 
theless a highly accurate and wide range instrument, 
and has received much use in the last few years. The 
bridge has a number of rather complex features, 
making it difficult to understand without prior ex- 
perience with four-pair bridges. It is for this reason 
that its description follows that of the quadrature 
bridge. 

The four-pair direct-reading ratio set was intended 
to provide a means of comparing two four-pair admit- 
tances whose ratio is nominally 10:1. It was designed 
so that it could also be used to compare ordinary 
two-pair standards. Fewer auxiliary balances are re- 
quired with the two-pair configuration, so this usage 
will be described first. 

An elementary schematic of the bridge is shown in 
figure 9. The two admittances to be compared are 
labeled Y; and Y2, and are connected to three star 
connectors as indicated. The star connectors are con- 
structed in accordance with a design first described by 


CURRENT LEAD 











POTENTIAL LEAD 





CORE | 








MU-METAL 
SHIELD 























CURRENT LEAD 


FIGURE 9. Elementary 10:1 bridge using a two-stage transformer. 


Hamon [11] for de junctions, but are provided with 
ground potential shields to allow their use with alter- 
nating current. The equivalent circuit of an ideal 
four-pair star connector consists of five impedances 
linking the five terminals to an inaccessable internal 
junction point. The impedance to ground is typically 
much larger than the other four. With this system, the 
admittances under test are considered to terminate at 
the internal junction points of the star connectors, 
rather than at the ends of the coaxial cables leading 
to the standards. The discrepancy between the two 








definitions of a standard is small if its admittance is 
small, but could be accounted for to first order. 

The transformer in figure 9 is a two-stage device in 
which the 25-turn primary and the 55-turn current 
winding are wound around core 1 only. The 50-turn 
and 5-turn potential windings are wound around both 
cores and are isolated from the inner windings and the 
two cores by a mu-metal shield. 

If there were no capacitance between windings or to 
ground, there would be very little current in the 
potential leads to Y; and Y2, and a detector connected 
to the star connector between Y; and Y2 would register 
a null when Y,/Y2 equalled the open circuit ratio of 
the potential windings. Because of loading effects, 
both in the potential winding circuit and in Y, and Y, 
and the associated cables, two auxiliary balances are 
required to obtain zero current in both potential leads. 
The first auxiliary balance can be conveniently ob- 
tained by means of an adjustable admittance to ground 
Y, so that Y; and Y, serve as a conventional Wagner 
circuit, and the second balance can be obtained by 
means of an auxiliary winding around core 2 only (not 
shown), whose excitation is adjustable and derived 
from a high impedance source. It may be noted here 
that one anticipates that only a very small excitation 
will be required on core 2, to drive current through the 
interwinding capacitance of the transformer potential 
windings, and that very little voltage will appear across 
the auxiliary winding on core 2 because of the two-stage 
construction. Ideally, an adjustable current source 
could be used to drive core 2. 

The balance procedure for the system of figure 9 
would be first to adjust Y; or Y2 to achieve a null on the 
detector; second, to disconnect both potential leads 
between the transformer and the star connectors and 
to adjust Y, to restore the null (a balance which is 
completely independent of the excitation of core 2); 
and third, to reconnect one of the potential leads and 
to restore the null by adjusting the core 2 excitation. 
The process is repeated until the adjustment of Y,/Y2 
converges to a fixed ratio, which is equal to the open 
circuit ratio of the transformer potential windings. 

A fast convergence of this series of balances is 
obtained if the equivalent impedences in series with 
the potential windings are very small with respect to 
the impedences of the second core excitation circuit 
and of the Wagner circuit. A technique for eliminating 
the impedance in series with the high-voltage second- 
ary winding of a three-winding transformer at the ex- 
pense of slightly increasing the impedence in series 
with the low-voltage secondary winding has been 
described [6]. This technique is illustrated by the 
equivalent circuits based on ideal transformers shown 
in figures 10a and 10b. The circuit of figure 10a is 
equivalent to the circuit of figure 10b, with zj = z; — 9z, 
and z3 =z.+0.9z; for a transformer with a 10:1 ratio. 
The unlabeled impedences and turns ratio are not 
precisely equal in the two figures, but this is not 
important. The significant result is that z; can be 
adjusted to make z; =0. 

A technique for making the effective impedance in 
series with the low potential winding also equal to zero 
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is shown in figure 11. If there is no current in the low 
potential winding, there will be no voltage across 
transformer 72, and hence no current through the 
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FIGURE 10. Equivalent circuits for showing the effect of z; on 2; 


(see text). 


auxiliary admittance Y;. However, if there is a current 
in the potential winding, 7» will be excited, producing a 
compensating current in Yj. In the worst case, sup- 
pose the potential lead of Y, is shorted. Then if z3 = z,, 
the voltage on the 100-turn winding of 7, will be e,/2. 
and the voltage applied to Y; will be equal io e:. The 
drastic measure of shorting the potential lead of Y, 
would then cause no deflection of the null detector 
provided Y;=Y.. An argument based on the circuit 
linearity indicates that smaller currents in the low 
potential lead would likewise cause no deflection of the 
null detector. 
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FIGURE 11. Compensation scheme for eliminating the effect of 23. 


Applying the concepts of figures 10 and 11 to the 
basic circuit of figure 9 we have a system in which the 
currents in both potential leads can be adjusted to 
zero, but in which the bridge balance condition is not 
strongly dependent upon either auxiliary balance. In 
order to make the potential lead impedances definite 
so that z; and z; need only be adjusted once during 
construction of the bridge, we have elected to plug the 
star connectors directly into the potential terminals 
on top of the bridge. The adjustments of zs; and z} 
then serve to make the effective impedances from the 
internal junction points of the star connectors to the 
equivalent voltage generators of the transformer po- 
tential windings equal to zero, using an auxiliary 
admittance Y;=Y>. It is to be noted that when this 











bridge was designed, the special defining transformers 
described in section 2 had not yet been invented and 
the potential leads were open circuited by simply 
unplugging them. This technique is adequate in this 
particular case since the potential lead equivalent 
series impedances are very small. When the junctions 
between the current and potential leads are located 
remotely from the bridge, as is the case when measur- 
ing four-pair admittancés, the lead impedances are 
not small, and the Wagner and second core excitation 
adjustments are very critical. The shunt capacitance 
uncertainties caused by unplugging the coaxial 
connector could then cause substantial errors. 

In order to make a direct reading ratio set out of the 
circuit of figure 9, a means must be provided for 
adjusting the ratio of the potential winding in accu- 
rately divided steps. The adjustment of the magnitude 
of the ratio is straightforward, and can be accomplished 
in principle by means of a step-down transformer 7, 
and a six-decade inductive voltage divider 7; magneti- 
cally coupled to the potential windings of 7; as shown 
in figure 12. Although 7; and 7, are represented as 
being ordinary single-stage transformers, they are 
actually both two-stage devices. The first stage of 73 is 
coupled to the first stage of 7; only, and is used to 
excite the first stage of 7,;. The switching of the first 
and second stages of 7; are ganged, which improves 
the accuracy of the voltage division, and results in a 
negligible interaction with the core 2. excitation 
adjustment for 7). 

Constructing an accurate quadrature adjustment for 
a direct-reading ratio set is much more difficult than 
constructing an equally accurate magnitude adjust- 
ment. At the heart of the problem is the requirement 
for a 90° phase-shifting circuit. The conflicting require- 
ments of small output impedance, relatively large 
output voltage, and reasonably small power dissipation 
tend to limit the accuracy and range of most passive 
quadrature balance circuits. 














FIGURE 12. Circuitry for adjusting the real and quadrature com- 


ponents of a transformer ratio. 


In the quadrature balance system shown in figure 12, 
the output of a phase shifting circuit consisting of a 
0.01-uF capacitor C,; and a 10-0 resistor R; is con- 
nected to the primary of the three-winding transformer 
Ts. One secondary of Ts is in series with the low 
potential winding of 7,. R, is small compared to the 
input impedance of 7%, and since wR,C,; < 1, the volt- 
age e, added to 7; by 7¢ is nearly orthogonal to the 
voltage across 7; and nearly of the desired magnitude. 
A test of the voltage added to 7; by 7, can be made by 
setting up a bridge using a precision ]-nF capacitor 
C, and a precision 10-0 resistor R.. A detector con- 
nected to terminal D’ will register a null when eg 
jwC,=e,/R.. A small complex adjustment of the 
excitation to the primary of 7, may be made to give a 
null at D’, so that eg=egjwC2R,. Divider T; is a six- 
decade, two-stage device similar to 73, and in fact has 
separate windings on ganged switches to separate the 
coarse output tap connected to C, from the precision 
output tap connected to Cy. Resistor Re may at this 
stage be considered to include the equivalent series 
impedance of the winding on 7, to which it is con- 
nected, but in the final design an extra winding was put 
on 7, to provide a four-terminal connection for Roe. 


When the circuits of figures 9, 10, 11, and 12 are 
combined, the result is a system with two sets of 
detector terminals. The advantages of combining the 
two to give a single detector whose response is essen- 
tially independent of the excitation of 7 is by now quite 
apparent. The NBS bridge has been designed so that 
connecting an auxiliary admittance Y!= Y. from D’ to 
the main null detector D indicated in figure 9 achieves 
the desired effect. Rather than using two equal 
auxiliary admittances Y, and Y!, a single admittance is 
used for both purposes by connecting the 200-turn 
output winding of 7, in figure 11 between terminal D’ 
in figure 12 and the auxiliary admittance. This serves 
to add the compensating voltage produced in the 
quadrature balance circuit of figure 12 to that produced 
in the load compensation circuit of figure 11. 


The complete four-pair direct-reading ratio set 
contains all of the features described above, and some 
special compensation circuits for obtaining a quadra- 
ture adjustment which is precisely proportional to 
frequency. The only critical impedances required in 
the bridge are the capacitor C, and the resistor R» 
involved in the quadrature adjustment circuit. 


The bridge was a test bed for a number of previously 
untried ideas, and as such it grew in a rather haphazard 
manner. It is felt that the bridge could be greatly im- 
proved if it were rebuilt, and while this is not contem- 
plated at this time, a complete circuit of the existing 
bridge would be more exposing than revealing, and 
therefore no such circuit appears in this paper. It 
is perhaps useful to point out that the key to achieving 
highly accurate and stable ratios in critical trans- 
formers and inductive dividers is to make generous use 
of multi-stage transformers with magnetic shielding 
between stages. The principal errors in such trans- 
formers are due to capacitive loading effects working 
on their output impedances. Both the interwinding 
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capacitances and the output impedances are minimized 
by minimizing the number of turns on the transformer. 
The optimum number of turns on a shielded two-stage 
transformer designed for audiofrequencies is believed 
to be less than 100 turns, which is much smaller than 
the number normally employed in a single-stage 
design. 

The calibration of the bridge was in some ways even 
more formidable than its construction. The first step 
was to check the linearity of the bridge dials at several 
frequencies by an external calibration technique in 
which a fixed admittance was repeatedly added in 
parallel with one side of the bridge for various settings 
of an auxiliary admittance in parallel with the other 
side. Both magnitude and quadrature balance lineari- 
ties of all dials were checked in this way. A resolution 
of 1 part in 10'° was obtained at 1592 Hz, and of 1 part 
in 10° at all other frequencies. 

The second step was to determine the actual bridge 
settings which would produce an exact 10:1 ratio. A 
modification of the permutation method described in 
an earlier paper [12] was used for this purpose. 

The last step in the calibration was to determine the 
actual magnitudes and phase angles corresponding to 
changes of the real and quadrature dials of the bridge 
over their entire ranges. A quadrature bridge and a 
system for comparing admittances in a 1000:1 ratio are 
needed for this step. Three step-ups using the 10:1 
ratio of the bridge under test provided the 1000:1 ratio 
with ample accuracy. 

The bridge accuracy is optimum at 1592 Hz, at which 
frequency the ratio is adjustable over a range of +5 
parts in 104 in steps of 1 part in 10° for both real and 
quadrature components. A complete calibration using 
the procedure outlined above disclosed that the bridge 
readings are linear at 1592 Hz over the entire range of 
the dials within an estimated uncertainty of 3 parts in 
10'°. The actual changes in both real and imaginary 
parts of the bridge ratio produced by changing the 
dials over their entire ranges differ slightly from the 
values indicated on the dials. The discrepancies are 
never greater than 5 parts in 10°, even when the bridge 
dials are at the limits of their ranges. Corrections for 
linear errors of this form are relatively easy to apply. 

At 159.2 Hz, the range of the bridge quadrature bal- 
ance control decreases to +5 parts in 10°, and at 
15920 Hz it increases to +5 parts in 10*. The first 
decade of the quadrature balance control is somewhat 
nonlinear above 10 kHz, but if the bridge is not used for 
comparing admittances for which the quadrature com- 
ponent of their ratio exceeds + 5 parts in 10*, no errors 
exceeding 5 parts in 10° exist from 159.2 Hz to 15920 Hz. 

The additional circuitry needed when using the 
bridge for comparing four-pair standards, P,; and P2, is 
shown in figure 13. The critical leads to the standards 
P, and P» are terminated at the reference planes of the 
defining transformers 7;, 7s, and 7, and the leads be- 
tween these transformers and the standards are 
treated as part of the standards. The combining net- 
work involving 79 and the associated phase-shifting 
network, which joins the detector terminals D, and D, 
of the two standards, is adjusted to obtain a null on Dg 





when an oscillator is connected to the 100-turn input 
winding of the defining transformer 7. Then the input 
winding of 7, is shorted and the oscillator is recon- 
nected normally. Alternatively, this adjustment can be 
made by leaving the oscillator connected normally, and 
adjusting the network so that Ds does not respond when 
the short on 7 is removed. 
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FIGURE 13. 


Comparison of four-pair admittances with the four-pair 


DRRS. 


The Wagner balance and second core excitation of 
the four-pair bridge are adjusted to obtain nulls on 
detectors connected to points D, and D; of defining 
transformers 7; and 7, rather than by disconnecting 
the potential leads to the bridge. With this system the 
bridge ratio is defined at the reference planes in 7; and 
Ty, and differs from the ratio defined at the potential 
terminals of the bridge. Techniques for comparing the 
ratios defined in these two ways can be easily devel- 
oped, or alternatively the permutation method for 
measuring the bridge ratio [12] can be modified to give 
the ratio at the reference planes of 7; and Ty directly. 
A standard pair of cables for connecting 7; and Ty to 
the potential terminals of the bridge is obviously 
required. 

The circuit of figure 13 is not easy to operate directly, 
partly because the deflections of the auxiliary detectors 
connected to D, and D; both change when either the 
bridge Wagner Balance or the second core excitation 
is changed, and partly because these balances are both 
much more critical than they are when comparing two- 
pair admittances. The criticalness is caused by the 
extra equivalent impedances in series with the bridge 
potential terminals resulting from the added cables 
between these terminals and the internal junctions of 
P, and P,. A network with the double purpose of 
combining the output of D; with the main detector and 
of providing two auxiliary detector outputs, one of 
which responds to each bridge auxiliary balance, is 
shown in figure 14. 

The 100-turn windings of both 7; and 7 are termi- 
nated with 50-0 resistors, which when referred to the 
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l-turn input windings yields a very small impedance. 
The voltages across the 100-turn windings are thus 
proportional to the currents in 7; and 7y. The output 
voltage at terminal Dx, is proportional to the sum of 
these two currents, and responds to changes in the 
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FIGURE 14. Combining network for assuring fast convergence of 


DRRS auxiliary balances. 


Wagner balance but not to changes in the second core 
excitation. The output voltage at terminal D; is propor- 
tional to the current in 7; minus 1/10 of the current in 
Ty. It responds to changes in the second core excita- 
tion, but not to changes in the Wagner balance. A very 
rapid convergence of the auxiliary balances can thus be 
obtained. 

A complete combining network for joining the two 
auxiliary detector points D; and Ds with the main 
detector Ds would require two complex adjustments for 
a total of four adjustable parameters. The simple 
combining network of figure 14 contains only one 
adjustable resistor and does not give perfect compensa- 
tion. It is adequate at 1592 Hz and below because the 
reactances of the bridge cables are much smaller than 
their resistances at this frequency, because the imped- 
dance of the high-voltage potential lead is only one- 
tenth as important as the impedance of the low-voltage 
potential lead, and because a factor of 10 reduction in 
the criticalness of the auxiliary balances was found to 
be sufficient. 

A detailed calculation to verify the above conclusions 
is not appropriate to this paper. The analysis can be 
carried out with the aid of the equivalent circuit for 
the bridge potential circuit shown in figure 15, in which 
i; represents the second core excitation, i2 represents 
the effect of changing the Wagner balance, i; and i, 
are the currents in the potential leads, ig is the short 
circuit current at the main detector, and Y,; and Y2 are 
the admittances under test. The voltage generator in 
the current leads of the bridge is represented by e;, and 
can be set equal to zero when analyzing the behavior 
of the auxiliary balances. 

The use of an auxiliary admittance Y; as indicated in 
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figure 13 for combining several null detectors causes 
no appreciable reduction in bridge sensitivity when 
the admittances under test are capacitors, but when 
one is measuring ac resistors this technique sub- 
stantially increases the thermal agitation noise appear- 
ing at the detector. The alternative combining network 
shown in figure 16 avoids this problem, and works well 
when the smaller of the resistors under test is 104 2 or 
less. The alternative combining network has been 
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FIGURE 15. 


Equivalent circuit representing the DRRS auxiliary 
balances and their effects. 
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FIGURE 16. Alternative combining network for use when \Y> 
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found to be more convenient than the circuit of figure 
13 for the measurement of all admittances for which 
|Y.| => 10-4 siemens. The circuit of figure 13 is usually 
easier to adjust when | Y.| < 10~-* siemens, because it 
is not as strongly affected by admittances to ground at 
the junction of Y, and ¥2 and in the combining network 
involving 7\o. The circuit of figure 14 works equally 
well with either combining network. 

Although no coaxial chokes are shown in any of the 
circuits for this bridge, they are obviosuly essential for 
proper operation. They are inserted where needed to 
break ground loops, and tested in accordance with the 
principles laid out in section 2. 





5. Equal-Power 100: 1 Resistance Bridge 


The comparison of two resistors whose ratio sub- 
stantially differs from unity is usually made either by 
connecting them directly in series and comparing their 
voltages, or by applying equal voltages to them and 
comparing their currents. As a result, the powers dis- 
sipated in the two resistors differ greatly, and if the 
load coefficients of the two resistors are about equal, 
the excitation of the bridge is limited by the load co- 
efficient of the resistor which dissipates the most 
power. In this case, the bridge sensitivity is much less 








than would be obtained with a unity ratio bridge con- 
taining resistors of comparable load coefficients. 

Using a voltage transformer bridge such as the direct- 
reading ratio set described above, the larger resistor 
dissipates ten times as much power as the smaller 
resistor. Using a current transformer bridge such as 
the conjugate bridge obtained by interchanging genera- 
tors and null detectors, the smaller resistor dissipates 
ten times as much power as the larger resistor. 

If a bridge contains a voltage transformer of ratio 
N, and a current transformer of ratio N2, then the bal- 
ance condition is R;=N,\.R2; and the powers dis- 
sipated in the two resistors are equal if N;=N2. The 
bridge sensitivity in this case is equal to that of a unity 
ratio bridge for comparing equal resistors. The tech- 
nique is only applicable for resistors whose ratio is a 
perfect square, but this is not a fundamental limitation 
since a rational number can be found that is arbitrarily 
close to any irrational number. 

For the very important case in which the two resis- 
tors to be compared have a ratio of 100, each trans- 
former must have a ratio of 10. The bridge described in 
section 4 above contains all of the components re- 
quired of the voltage transformer in such a system, and 
in principle another bridge exactly like it but with a 
subtractive rather than an additive ratio could be used 
for the current transformer. Fortunately the current 
transformer part of the bridge need not be provided 
with an adjustable ratio, and is therefore much easier 
to build. A quite different approach to an equal-power, 
four-terminal (but not four-pair) impedance bridge has 
been developed by Henry Hall of the General Radio 
Company.2 Both two-pair and four-pair equal-power 
bridges have been described in the literature [12], but 
the operation of the four-pair version is not clear unless 
two-stage transformers are employed. 


*A paper describing this work was presented at the 1970 Conference on Precision 
Electromagnetic Measurements at Boulder, Colorado. The text of this paper will be pub- 
lished in an issue of the IEEE Transactions on Instrumentation and Measurement. 








The 100:1 bridge used at NBS for comparing a 
10°- four-pair resistor with a 10°- four-pair resistor 
at 1592 Hz is shown in figure 17. It is convenient for 
the purpose of analyzing the behavior of this circuit 
mentally to interchange all generators and detectors 
and to work with the conjugate bridge. Although the 
circuit could of course be described directly without 
making use of the fictitious interchange, and although 
this would seem a more natural approach to people 
familiar with current comparators, the interchange is 
helpful here because it allows the use of the same 
terminology as was developed for describing the direct 
reading ratio set of section 4. 


If we consider then that a generator is connected to 
terminal B in figure 17, it can be seen that the second 
core excitation circuitry is identical with that described 
in section 4, but that the Wagner circuitry is much 
more complex. The Wagner circuit combines a 10:1 
voltage transformer 7; with a 10:1 current transformer 
Ts to obtain simultaneously nearly the correct 10:1 
voltage ratio and 10:1 current ratio in the two resistors 
under test. Note that the ratio of currents in the two 
windings of 7s is nominally equal to the turns ratio, so 
that very little voltage appears across either winding. 
The two auxiliary adjustments then provide only the 
small corrections necessary to meet exactly the re- 
quired conditions of zero current in the defining 
transformers 72 and 73. 


Although a much simpler Wagner balance system 
involving resistors could have been used, the circuit 
chosen is superior because it leads to a negligible 
augmentation of the thermal agitation noise appearing 
at a detector connected at point B. This consideration is 
of no importance in the Wagner circuit of the voltage 
transformer part of the bridge, and the use of R3 to 
extend the limited range of the internal Wagner 
adjustment of the direct-reading ratio set is perfectly 
satisfactory. 
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FIGURE 17. 


4 100:1 equal power bridge making use of the four-pair DRRS. 
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The auxiliary resistor required for proper operation 
of the quadrature balance controls of the direct-reading 
ratio set would most conveniently consist of a 104-0 
resistor connected between the auxiliary output 
terminal of the bridge and the detector point B. This 
would produce an unacceptably large thermal agitation 
noise. The use of a 500-0 auxiliary resistor for Y: 
which is connected to a tap on 7); eliminates this 
problem. This does not interfere with the use of the 
circuit of figure 14 to reduce the criticalness of the 
direct-reading ratio set auxiliary balances. 

A circuit similar to that of figure 14 and connected 
to defining transformers 7). and 7); is used to reduce 
the criticalness of the current transformer auxiliary 
balances and to provide a means of quickly making the 
current transformer auxiliary balances. This circuit is 
shown in figure 18. An auxiliary admittance Y; (not 
shown) is connected between this circuit and the 
generator terminal A on the direct-reading ratio set. 
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FIGURE 18. 
current transformer auxiliary balances. 


The circuit of figure 18 is complimentary to the 
circuit of figure 14. In use, the current transformer 
auxiliary balances are adjusted so that temporarily 
connecting a generator to either G2 or G; produces no 
change in the detector connected to terminal B in 
figure 17. The adjustable 50-0 resistor in figure 18 or 
the auxiliary admittance Y; is set so that these auxiliary 
balances are not critical. 

It was necessary to compromise in choosing the 
number of turns for transformer 7), in figure 17 in 
order to achieve a reasonably stable ratio without 
unduly augmenting the thermal agitation noise due to 
excessive shunt conductance in the transformer. With 
200 turns on 7\4, the shunt conductance measured at 
point B with P,; and P., removed was found to be 
1.8 X 10-5 siemens which is only slightly less than the 
2x10-> siemens conductance contributed by the 
resistors under test. With 4 10-* W dissipated in 
each resistor (20 V on P;), the sensitivity is sufficient 
to resolve | part in 10° using a phase-sensitive detector 


Combining network for assuring fast convergence of 


followed by a recorder, which is considered to be 
adequate. 

The easiest way to measure the ratio of the current 
transformer 7'\, is to interchange the connections with 
respect to the direct-reading ratio set so that a balance 
is obtained when P, is nominally equal to P2. Inter- 
changing P, and P» and rebalancing allows the current 
transformer ratio to be determined from the known ratio 
of the direct-reading ratio set. A slight change in the 
Wagner circuit of the current transformer is also re- 
quired. This consists of interchanging the windings of 
T\s. Resistors cannot be used for P; and P»2 because of 
their large load coefficients, so a pair of 1-nF capacitors 
is used instead. The voltages on the two capacitors 
change from 20 V to 200 V in the course of the measure- 
ment, so their voltage dependencies must be accurately 
known. Techniques for measuring the voltage depend- 
encies of capacitors to the required accuracy have 
been described by Shields [14]. 


6. Conclusions 


The series of bridges described above were built to 
provide the admittance comparisons necessary for an 
absolute ohm determination, as sketched in the intro- 
duction. It has been found that all of the comparisons 
necessary for this work can be made with an overall 
uncertainty of a few parts in 10° using these bridges. In 
practice, the largest source of uncertainty results from 
instabilities in the admittance standards used in the 
measurements. This problem can be handled only be 
carefully controlling the temperature of the standards. 
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A series impedance element equipped with coaxial connectors may be evaluated as a two-port 
network. Precision connectors greatly reduce the uncertainties associated with the series connection, 
making practical several measurement techniques which involve series impedances. This paper 
discusses techniques for extending the range of immittance bridges to high values of admittance or 
impedance, for measuring very small admittances with incremental standards of ordinary range, and 
for using a bridge to measure its own reference open-circuit admittance or short-circuit impedance. 


Key words: Immittance measurement; radio frequency; series elements; two-port standards. 


1. Introduction 


A number of measuring techniques which are com- 
monly used at audio frequencies, have long been con- 
sidered impractical for use at radio frequencies. Among 
these are the techniques which require connecting one 
component in series with another. The use of precision 
coaxial connectors (1, 2), greatly reduces uncertainties 
in series and shunt immittances associated with the 
connection, making it practical to use series connected 
components for precision measurements at 
frequencies. 

When a circuit element is equipped with precision 
connectors, the elements of its equivalent circuit are 
fixed by the shielding afforded by the coaxial construc- 
tion and by the precisely repeatable connection. A 
shielded series element may be treated as a two-port 
network and represented by an equivalent pi or tee at a 
given frequency, and if it is equipped with precision 
connectors, the elements of the equivalent pi or tee 
may be accurately evaluated by open- and _ short- 
circuit measurements. This paper discusses the use of 
series immittances in the form of precision two-port 
standards in extending the range of immittance meas- 
uring instruments to large immittances, in measuring 
low-valued admittances in terms of relatively large 
incremental standards, and in measuring the imped- 
ance of the reference short-circuit of an impedance 
bridge, or the admittance of the reference open-circuit 
of an admittance bridge. 


radio 


*Electromagnetics Division, Circuit Standards Section, National Bureau of Standards, 
Boulder Laboratories, Boulder, Colo. 80302 
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2. Method for Evaluating Two-Port 
Immittances 


A two-port immittance may be represented by an 
equivalent pi network such as that of figure 1, at any 
single frequency [3]. The procedure for measuring the 
elements of the pi is well known, but is reviewed here 
for the sake of convenience. 
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FIGURE 1. Pi equivalent of two-port network. 


With port A of the two-port connected to an admit- 
tance bridge, and port B shorted, the input admittance 
measured by the bridge is 

Y:=YatYp. (1) 


When the short is removed, port B is open circuited, 

and the bridge measures the input admittance 

| Y,Y. 

¥,=Y,+—>—.. (2 
2 a Y,+ Y.. ) 


With port B connected to the bridge and port A shorted, 
the input admittance is given by 


Y3=Y,+ Ye. (3) 








When the short is removed, port A is open, and the 
input admittance is 


4 YuY> 


_ Me Yat Yo 


(4) 


Note that the two-port must be equipped with nominally 
identical connectors for this series of measurements 
to be possible. Equations (1), (2), and (3) are solved 
simultaneously for Y,, Y»). and Y-. yielding 


Y,= [(¥:—Y2)¥3]", (5) 

Y.=Y,-—Yb, (6) 
and 

Y-=Y3—Yp. (7) 


So far it has been assumed that the open circuit 
actually represents zero admittance across the open 
port, and that the short circuit actually represents 
zero impedance. This assumption is not accurate. The 
short may have an impedance consisting of about 
0.5 mQ (milliohm) resistance and 5X 10~-" henry 
inductance, and the open may have an admittance 
consisting of a fringing capacitance of the order of 
0.2 pF [4]. The conductance of an open circuit can 
usually be neglected, as can the error caused by a non- 
zero short where all admittances are of the order of 0.1 
mho or smaller. When the fringing capacitance at the 
open end of the two-port is taken into account, (2) 
becomes 
Yo(Y¥e+Y¥p) 


vi Y,+¥e+¥p." 


2 Y.+ 


(8) 


and (4) becomes 


Yo(Ya+ Yy2) 


} = Y.+ oe Y,+ -.” 


(9) 


where Y;; is the “fringe admittance” at one open end 
of the two-port, and Yj2 is the fringe admittance at the 
other. Fringe admittance is used instead of fringe 
capacitance because the equations than apply to the 
more general case of a lossy open circuit. If the two- 
port is equipped with precision connectors, the two 
fringe admittances will be very nearly equal. 

The fringe admittance at the bridge terminal, Y;;, 
is removed when connection is made to the bridge 
terminal, Each of the measurements (1) through (4) is 
therefore in error by the amount Y;3, and this admit- 
tance must be added to the measured admittance in 
order to obtain the correct values for Yq + Yp, ete. 

Note that Y;; will be different from Y;, and Yp unless 
the connectors are sexless. Even when precision 
connectors, which are sexless by definition, are used, 
Y;3 may be different from Y;; and Y;2 because of differ- 
ences in the configuration of conductors near the open 
circuit. For example, the fringe capacitance of a 
connector mounted flush with a large ground plane will 
differ considerably from that of an identical connector 
at the end of a two-port several inches above the 
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ground plane. The three fringe admittances for preci- 
sion connectors can be made virtually identical by 
using a shielding cap instead of an open terminal to 
provide the reference open circuit admittance. When 
the corrections for the fringe admittances are made, 
(1) through (4) must be rewritten 





Y,+Vy3= Yat Yo, (10) 
~  ¥o(V¥e+ Yor) 
Yat ¥n=Vet yay (11) 
Y3+ Yy3= Yn+ Ye (12) 
and ee 
Ys+Yjs=Ye+ ae (13) 
where Y,. Yo, ete., still refer to the admittances 


measured at the bridge terminal. The first three equa- 
tions of this set may be solved as before, yielding 


Y, = Got jwCy= ((¥1 — Yo) (¥3 + Voi + Yrs) ]"/?, (14) 
Ya as Y; i Yy3 a Yp, (15) 
and . 
Y.=Y3+ Yi3— Yo. (16) 


Section 3.3 of this paper describes a technique for 
measuring the reference, or “‘fringe,”’ admittance of an 
admittance bridge and of a two-port admittance. 

A two-port immittance may also be represented by 
the equivalent tee of figure 2, and the elements 








FicurRE 2. Tee Equivalent of two-port network. 
evaluated by measurements with an impedance bridge. 
With port A connected to the bridge and B open, the 
bridge measures 

Z:+Zs3=—ZatZp, (17) 
where Zs; is the impedance of the reference short 
circuit which is removed when the two-port is con- 
nected to the bridge, and the effect of fringing capaci- 
tance is considered negligible. When port B is shorted, 
the bridge measures 


Zy(Ze+Zo1) 


22+ 23=2.+——_—_ 
Lothet her 


(18) 


where Z;; is the impedance of the short on port B, and 
is not necessarily equal to Z,;. With port B connected 
to the bridge and port A open, the bridge measures 


Z3t+Zs3=Lyt+Ze. (19) 








With port A shorted, the bridge measures 


Zy(ZatZs) 


Z4t+ZLy=Let+ 5 
. " LatLot+Ze 


(20) 


The first three equations of this set may be solved for 
Za. Zp, and Z-, yielding 


Zo= ((Z1—Z2) (Z3+Z+Zo3) J", (21) 
Za=ZitZ 3—Zp, (22) 

and 
Ze=2Z3+Z3—Z ». (23) 


Section 3.3 presents a technique for measuring the 
short-circuit impedances. 

Solving (14) for Y, involves taking the square root of 
a complex number. The solutions are 


» A+ VA2+ Be 
G= ua +B (24) 
2 
and 
w ~At+ VA24+ B2 
Cz= er B (25) 
£@~ 
where 


A = (G, —_ G. )G3 = w2(C, —_ C2 ) (Cs + Ch + Cys) ‘ (26) 
and 
B = wl (G _— Gz ) (C3 + Cry a Cys) T+ G3(C; _— C,)]}. 
(27) 


Thus, G, and C, are obtainable in terms of measured 
conductances and capacitances. 

The effect of measurement errors on a measurement 
of this type may be evaluated by the technique of 
taking the total differential of the quantity measured 
[5. The approximate error in G,, denoted by 8G,, is 
given by 

oC» a Ms 
0A 


OG, 


+7 dB, 


(28) 


where 54 and 68 are small errors in A and B given by 





aA 
oo —— 86; += Gs + OC 
a, tye. Sst C Fe 
+4 5c, (29) 
dCys 
and 
an... : 
5B = aG, Git. . .t+ aC oes (30) 
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While there is little to be gained by pursuing the 
algebra further, it is instructive to take a simple 
example to illustrate the order of magnitude of the 
errors to be expected in measurements of this type. 
If a conductance with sufficiently high g?(q = 200 for 
error of 1 in 10*) is measured, the expression for 
Gz reduces to G?=A. Furthermore, for a high-g 
conductance 


w?(C,—C2) (C3+ Cpt Cp) < (6,—G6,)63, 
(31) 


and 


1 
7b 


For the case described, G, = G3; > G2, and 


and the error in measuring a pure series conductance 
by this technique is approximately the same as the 
error in measuring a two-terminal conductance with 
the same bridge. 


3. Applications 


3.1. Range Extension to Very Large Immittances 

Hartshorn [6] shows that capacitors too large for 
direct measurement may be measured by connecting 
them in series with smaller known capacitors. The 
capacitance of the series combination is smaller than 
that of either capacitor and this capacitance may be 
made to fall within the range of direct measurement. 
The same principle may be used in measuring any 
admittance too large for direct measurement with 
available instruments. The measurement is accom- 
plished by evaluating the elements of the equivalent 
pi (fig. 1) then connecting the unknown admittance to 
the two-port and measuring the input admittance of 
the combination. The value of the unknown admittance 
is then calculated from the computed elements of 
the pi and the measured input admittance of the 
combination. 

If the unknown admittance, Y,, is connected to port 
B and port A is connected to the bridge, the measured 
input admittance is given by 





Y)(Y¥e+ Yr) 
Ys=Yat+ oh Pe (33) 
Y, + Fe + ¥; 
from which is obtained 
Y,(Y;+ Yj3 sae Y,) 
Y; = —Y¥e. (34) 
Yo + i— Y; ay Yr3 
*The Quality Factor of an immittance element, denoted by “g,” is defined to be the 
ratio - the major immittance component to the minor immittance component. Thus, 
w aw G 
ee ee oP and q a 








In some cases, the elements of the pi are of no partic- 
ular interest, and it is desirable to calculate Y, directly 
from the measured values Y,;, Y2, and Y3. In this case 
an expression for Y, is obtained by substituting (14), 
(15), and (16) into (33): 


— (¥s—Yz) (Vs t+ Vos) + (i —Y2)¥a 


a Y.—Ys 





(35) 


After expanding (34) or (35) and separating variables, 
the error in measuring G, and C, may be evaluated, 
as before, by taking the total differential of the quantity. 
The operation is straightforward, if somewhat labori- 
ous, and will not be pursued further. An idea of the 
magnitude of errors to be expected in measurements of 
this sort may be obtained by considering the case of 
a pure capacitor measured in series with a pure 
capacitor—that is, all conductances are zero. For 
this idealized case, (35) becomes 


_ (Cs—Cz) (C3 + Cys) + (Ci—C2) Cy 





Cy C, —C, (36) 
and the error in measuring C, is 
aC, _ ay [ ( Cy — C dC, as (C. + Cy 1 = C; 3 )5C2 
si. 
= ¢ C; baie Cs )5Cs T. (Cs 7s his 7 C; 3 )5C; 
+ (C,;—C.2)8C p+ (C,—C.)8Cy,]. (37) 


», C;, and C; are composed of two 
components; a calibration error and a random error due 
to imprecision of the measuring capacitor. If C, and C; 
are approximately equal, the calibration error will be 
the same for both, and it is proper to consider the sign 
of the error term in combining the errors. Since C. anc 
C; may be greatly different from C, and C3, there is 
no assurance the calibration errors are in the same 
direction; and their signs should not be considered in 
combining the error terms. Figure 3 shows the accuracy 
which may be expected in series measurement of 
capacitors between 10 pF and 0.01 uF assuming the 
error in measuring C,, C2, C;, and C; to be + (0.05% + 
0.05 pF), the error in Cy; and Cy; to be about 0.001 pF, 
and 


The errors in C,, Cs 


C, ~ Cs ~ 1000 pF 
C.~5 pF 


Cr = Cyp= 0.2 pF, 
and rms addition of the random errors. The accuracy 
obtainable by direct measurement under the same 
conditions is shown for comparison. 

The range of admittances which can be measured 
with a given instrument by this method lies between 
zero (two-port open) and infinity (two-port shorted). 
Because the accuracy is not as good as that obtained 
for direct measurement, only values outside the range 
of available instruments will ordinarily be measured 
in this way. The technique was tested by measuring a 





number of capacitors directly, and in series with a 
two-port capacitor. The results appear in table 1. The 
good agreement between the two methods shows there 
are no serious errors inherent in the technique. 
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FIGURE 3. Accuracy obtainable in measurement of capacitance by 
direct measurement, and by series measurement. 
TABLE 1. Capacitance measured at 3 MHz by direct 


measurement and by measurement in series with a 
100-pF capacitor 


T 


Series 








—— 
Direct 
Nominal | measure- measure- Difference 
capacitance | ment ment | (percent) 
pF pF 
ee eee See } 
1000 pF (A) | 1006.77 1006.62 0.014 
1000 pF (B) | 1002.76 1002.63 013 
500 pF | 501.78 501.71 .014 
200 pF | 200.66 200.71 —025 
100 pF 101.06 101.09 —.03 


The usable range of an impedance bridge may be 
similarly extended by connecting an unknown large 
impedance in parallel with a smaller impedance whose 
value is within the range of the bridge. In this case, 
the two-port is more conveniently represented by the 
equivalent tee of figure 2. In practice, the two-port 
may be formed by connecting the smaller impedance 
to one port of a coaxial tee junction and using the 
other two as active ports (fig. 4). In this case, the 
elements of the tee are obtained by impedance 
measurements, and the unknown impedance, Z,, is 
given by 





é (Z,;—Z2)(Z3+Zs3) +(Z1—Z2)Z51 . 


Z,> 
: ze a Z. (38) 


82 





Here again, the range of the bridge is extended to 
cover impedances between zero (two-port shorted) to 
infinity (two-port open). 
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FIGURE 4. Tee arrangement for measuring large impedance in 


parallel with smaller impedance. 


3.2. Range Extension to Very Small Admittances 


Hartshorn [6] also discusses the measurement of 


very small capacitors using an incremental capacitor 
of ordinary range. As he puts it: “Condensers of very 
low value may also be measured by a series method. 
A condenser of low value c is placed in series with a 
variable standard of ordinary range C. The capacitance 
of the combination being cC/(C +c), a small change 
AC in the standard produces a change in the com- 
bination of approximately ACc?/(C + c)2, which is for 
example, 100 times smaller than AC if C/c=9. Thus, 
if the small condenser to be measured is added in 
parallel with such a combination, and the standard 
condenser if then diminished until the resultant 
capacitance is restored to its original value, the 
capacitance added is equal to the change in the 
reading of the standard divided by 100. This method is 
convenient when no standard of low range is available; 
but when a standard of the micrometer type is available 
the substitution method should be employed, as there 
is always some uncertainty in any estimation of the 
effect of the connecting lead in a series combination — 
however small the lead may be.” 

The same principle applies to measuring any small 
admittance, and the use of precision connectors 
eliminates much of the “uncertainty in any estimation 
of the effect of the connecting lead.”’ The series admit- 
tance may be represented by an equivalent pi, and 
evaluated by measurements with an admittance 
bridge. When the incremental admittance is connected 
to the two-port, the circuit of figure 5 results. 

The input admittance of this network, Yj, is 


way, + ¥e) 
j= en —. a 
= Vet TT y+y. (39) 


and the change in input admittance with change in Y; 
is given by 
(Y;-Yi)¥3 


Y;= : . . - : ee 
AMi= + ¥,+¥.) (i +¥o+¥e) 





(40) 
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where Y, is the initial value, and Y; is the final value. 
When all the elements of the network are of like kind 
and are sufficiently pure (gq greater than about 200 for 





oO WV 
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FIGURE 5. Equivalent circuit of incremental admittance standard 
connected to two-port standard for measurement of very small 
admittances. 





1 in 104 error) the minor component may be neglected 
in calculating the change in effective value for the 
major component. 

For sufficiently pure capacitors 








pean AC, C3 " 
“ (Cy4+ Cy + Ce) (Ci +Cp+Ce)’ (41) 
and for nearly pure conductances 
AGG} 
AG, ae (42) 


(G,+G,+G-) (G, + Gypt+G-) © 


Again, some insight into the magnitude of errors to 
be expected in measurements of this type may be ob- 
tained by considering the measurement of a capacitor 
by an incremental capacitor in series with a two-port 
capacitor where all capacitors are lossless. The 
relative error in a measurement of this type, obtained 
by taking the total differential of (41) and dividing by 
AC;, is 


5(AC;) _ 8C; —8C, _ 8C; + 6C, + 8C, 











AC, Ci—-C, Ci+O,+C. 
_8Ci+ Cr+ Ce, 26Cr ga 
COG GFE” 


Perhaps the most useful application of this tech- 
nique lies in checking the calibration of incremental 
capacitors against low-valued standards such as those 
provided by short sections of precision coaxial line. 
The Field and Sinclair technique [7] may be used for 
finding corrections proportional to C2 in incremental 
capacitors; and it is easy to show that there are no 
significant errors proportional to C? or higher-order 
terms by measuring capacitors of appropriate value 
over different ranges of the incremental capacitor. 
None of these techniques are capable of detecting 
errors proportional to C, however, and another tech- 
nique is needed for a complete calibration of these 
instruments. 








If the error in measuring the small capacitor is 


given by 
5C, = kC, + epF 
dC. = kC,. + epF 
5C, = kC, + epF 
8C;=kC,+epF, 
the maximum error in AC, may be written as 


5(AC;) 
AC, 





2 3 3 
= (k) +é 


yw ewe Jee ew OW 
Cy C; bit Cy+ 4c C, +C€,+C, 


9 
tere] co) 
The term involving € may be large enough to prevent a 
good determination of k with a single measurement; but 
this term is random in nature and may be reduced 
considerably by repeated measurements. 

This technique was tested by measuring accurately- 
known (to within 0.01%) capacitors with nominal 
values of 5, 13, and 15 pF, in terms of a 1000 pF 
incremental capacitor connected in series with a 
nominally 100 pF capacitor and a nominally 82 pF 
capacitor. The results of the measurements, which 
appear in table 2, indicate a linear correction of the 
order of —0.01 to —0.03 percent in this particular 
capacitor. 


TABLE 2. Measurement of coaxial line capacitance 
standards at 3 MHz using a 1000-pF incremental 
capacitor with 82-pF and 100-pF series capacitors 























Nominal |Calculated| Series measurement Difference (%) 
capaci- capaci- 
tance tance 82 pF 100 pF 82 pF 100 pF 
5 pF 5.0753 5.0761 5.0757 0.016 0.008 
12 pF 11.864 11.861 11.860 —.027 —.036 
15 pF 15.240 15.235 15.233 —.033 —.064 











3.3. Measurement of Reference Open-Circuit Admit- 
tance or Short-Circuit Impedance 


Measurements of admittance or impedance will be 
in error ,by the uncertainty in the reference open- 
circuit admittance, or short-circuit impedance. Since 
this might be the principal source of error in measuring 
small immittances, it is desirable to measure these 
reference immittances accurately. 

The measurement described in section 3.1. can be 
rearranged to allow an admittance bridge to measure 
the admittance of its reference open circuit or an 
impedance bridge to measure the impedance or its 
reference short circuit. Equation (35) may be rear- 
ranged to read 


YAY: —Ys)=(Ys—Y2¥3s+ Yps)+(%1 — Yo) ¥ pn. (45) 


When Y, is measured directly with the bridge, the 
quantity observed, Ym, is Y, less the admittance 
removed when Y, is connected to the bridge terminal: 

Vn _ & oa Yj. (46) 


Two different admittances may be measured, yielding 
the two equations 


(Ya + Yj )(¥,-—Y;) = (Ys —Y2) (¥3+ Yj) 


+(¥:-Ye)¥n, 72 
and 
(Yme2 Ys )( Y, = Y; p= (Y; cae Y, )( Y; + Yy3) 
+i Y)¥p, (48) 


where it is now assumed that the two fringe admit- 
tances of the two-port are equal to Y;;. Subtracting (48) 
from (47) and rearranging yields 

Y me ( Y, = Y; yaa Yt ( im Y;) _Ys 
2(Y;—Ys) 2° 





) fs = (49) 


and Y;; may be obtained. Y;; may be obtained by sub- 
stituting Y;; into one of the original equations. 

When Yn=Yp=Ymn=Yy. as is the case when the 
terminals of the two-port and the bridge terminal are 
identical and have identical environments in the open- 
circuit condition, Y; may be obtained from the equation 


Poet) feats SY (50) 
2 ( Y; es Y2) 2 

An exactly analagous situation exists for the meas- 
urement of the impedance of the short used as the 
reference for an impedance bridge. In this case, the 
equations are 


_Znl(Zi—Z5) Zs 





Z,;= 
for Zs =Le=L3=2; and 
» Z me Z —2Z;)—Zm Z,:—Z; Z: 
Z.* (2) (41 Le (52) 


2(Z;—Zs) 2 
for Zs1 =Z 9 # Z 53. 


This technique was used to measure the fringe 
capacitance of the NBS 0.750 in, 50-0 coaxial connec- 
tor at 1 kHz, with a 1-in long closed cap as the refer- 
ence condition. The value obtained for the fringe 
capacitance, assuming Cs; = Cy2=Cy3, was 0.2078 pF 
with an estimated standard deviation of 0.0004 pF. 
This value agrees well with the 0.2070 pF obtained by 
a measurement involving a calculable line section. 

An attempt to measure the impedance of the shorted 
NBS connector at 100 kHz, using an impedance bridge, 
yielded inconsistent values. The inconsistencies are 
attributed to the fact that the impedance of the short is 








smaller than that which the bridge is capable of resolv- 
ing. The resistance of the short was then measured at 
de using a Wheatstone resistance bridge. The average 
of the measured values, attributed primarily to con- 
tact resistance, was 0.00016 ©. with the values ob- 
tained ranging from 0.00004 to 0.00030 2. 


4. Conclusions 


The application of precision coaxial connectors to 
radio frequency immittance measurements makes 
practical the use of measurement techniques which 
are usually considered useful only at audio frequencies. 
In particular, series impedances equipped with pre- 
cision connectors may be treated as two-port devices 
and accurately evaluated at a given frequency. Using 
these two-ports as series impedance transformers 
makes possible a significant range extension for admit- 
tance and impedance measuring instruments. These 
impedance transformers also make it practical to 
measure very small admittances in terms of large 
admittance increments—a technique which has been 
inverted and used to compare 1000 pF incremental 
capacitors to low-valued, coaxial line standards of 
capacitance. In addition, it is possible to use an admit- 


tance bridge to measure its own fringe capacitance and 
an impedance bridge to measure the impedance of its 
reference short-circuit by proper application of series 
impedance transformers. 
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A pulse heating method is described for the measurement of melting point of electrical conductors 
at high temperatures (above 2000 K) which are in the form of thin wires. The technique is checked by 
measuring the melting point of platinum. The results give 2044+5 K on IPTS—1968. 


Key words: High-speed measurements; high temperatures; melting point: platinum. 


In general, melting points of substances are deter- 
mided using quasi steady-state techniques, where the 
specimen is either heated or cooled very slowly until a 
phase change is detected. These methods present dif- 
ficulties at high temperatures (above 2000 K) due to 
increased heat transfer, chemical reactions, evapora- 
tion, loss of mechanical strength, etc. 

In order to overcome most of these difficulties ex- 
periments may be performed in short times by heating 
the specimen rapidly to its melting point. A technique 
utilizing this approach was described in the literature 
[1].! The specimen was of tubular form (100 mm long, 
6.4 mm outside diameter, 0.5 mm wall thickness) with 
a small hole in the wall at the middle of the specimen. 
The cylindrical specimen approximated blackbody con- 
ditions for optical (pyrometric) temperature measure- 
ments. The specimen was heated from room tempera- 
ture to its melting point in less than one second 
by the passage of a high current (2000 A) through it. 
The maximum temperature attained was the melting 
point. The melting point obtained by this method was 
reproducible within 1 K (standard deviation of the 
mean). The tubular specimen had to be destroyed dur- 
ing each determination. The cost and difficulty of 
fabricating specimens used in the above study make it 
unsuitable for general use. 

The objective of this note is to describe a high- 
speed method of measuring melting point of electrical 
conductors (with melting points above 2000 K) where 
the specimens are in the form of thin wires. The 
method is based on detecting melting of a specimen 
which is wound around a tube as the latter is heated 
rapidly in vacuum. The limitation of the measurements 
to temperatures above approximately 2000 K is im- 


*This work was supported in part by the Propulsion Division of the U.S. Air Force Office of 
Scientific Research under contract ISSA-69-0001 
' Figures in brackets indicate the literature references at the end of this paper. 
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posed by the optimization in the operation of the high- 
speed pyrometer. 

The basic circuitry of the measurement system, 
shown in figure 1, was similar to that described in the 
literature [2]. The specimen was a high-purity (99.999 
percent) platinum wire (diameter = 0.001 in, 0.025 mm), 
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FIGURE 1. Functional diagram of a high-speed system for the meas- 


urement of melting point of electrical conductors in the form of thin 
wires at high temperatures. 


which was wound (half turn) around a thin-wall molyb- 
denum tube. The tube was electrically in series with 
the main power pulsing circuit. Two pulleys supported 
the wire. A 0.5-g weight was attached to each end of 


the wire to assure good contact between the wire and 
the tube. A schematic drawing showing the specimen 


and the tube assembly is presented in figure 2. The 
ends of the platinum wire were connected to a special 
electronic circuit which indicated the time of the open- 








ing of the circuit resulting from the melting of platinum. 
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FIGURE 2. Schematic diagram of the specimen and tube assembly. 


The break in the circuit took place at a point of con- 
tact with the tube as the latter was pulse heated. Dura- 
tion of an experiment (heating of the specimen from 
room temperature to its melting point) was approxi- 
mately 0.8 s. Heating rate of the tube at the melting 
point of platinum was approximately 2 K ms~'. Tem- 
perature of the tube was measured with a high-speed 
photoelectric pyrometer [3], which permits 1200 
evaluations of tube temperature per second. The 
pyrometer target was a small rectangular hole (1 mm 
x 0.5 mm) fabricated in the wall at the middle of the 
tube. Signals were recorded with a high-speed digital 
data acquisition system [2] which has a full-scale 
signal resolution of approximately one part in 8000 
and time resolution of 0.4 ms. Temperature of the tube 
corresponding to the time of the break in the platinum 
wire gave the melting point of platinum. 

The results of three experiments gave an average 
value of 2044.2 K for the melting point of platinum on 
the 1968 International Practical Temperature Scale [4] 
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with an average deviation from the mean of the three 
amounting to 1.1 K. This compares favorably with the 
accepted value of 2045 K [4]. 

In each experiment, the contribution to the uncer- 
tainty in temperature resulting from the uncertainty in 
the “temperature-time of break’’ determination was 
0.4 K. The standard deviation of individual tempera- 
ture measurements in each experiment was less than 
0.3 K. Correction due to the radial temperature gradi- 
ent in the tube was less than 0.1 K. Maximum inac- 
curacy in temperature measurements at the melting 
point of platinum, which results from uncertainties in 
standard lamp, pyrometer calibration, blackbody 
quality, scattered light, etc., is estimated to be 4 K [2]. 
Error in the melting point due to alloying effect is 
negligible since the entire experiment was of very short 
duration. 

Because of the complex nature of the experimental 
method, it was dificult to determine exactly (1) the 
time constant for heat transfer between the tube and 
the specimen, and (2) the effect of the tension due to 
end weights on the melting point. Crude estimates indi- 
cated that this time constant could be of the order of 
0.1 ms, which corresponds to an error of the order of 
0.2 K in the melting point. It is likely that in the experi- 
ments the lowering of the melting point due to tension 
in the specimen was approximately compensated by an 
opposite effect which resulted from the finite time con- 
stant associated with heat transfer between the tube 
and the specimen. One may conclude that the melting 
point of platinum, as determined in this study, is 2044 
+5 K on IPTS-68. 

The results of preliminary work presented in this 
note have demonstrated the feasibility of measuring 
the melting point of electrical conductors in the form of 
thin wires by a pulse heating method of subsecond 
duration. 
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A system is described for controlling data acquisition, and for online data reduction, on up to eight 
neutron and x-ray diffractometers. The system uses a medium-sized computer, with the individual 
instruments sharing time. Storage of programs, data, and the intermediate results of computations on a 
rapid-access disk makes roughly 12K of the 16K core memory available to each user in turn for compu- 
tations. All users’ programs are written in FORTRAN. Each user has independent access to the com- 
puter, through his own separate typewriter, for input of control parameters and output of sample results. 
Final output data may be recorded on magnetic tape for permanent filing or for processing offline by a 


large computer. 


Key words: Automatic control; computer control; diffractometer; FORTRAN; neutron diffractometer; 
real-time data processing; time sharing; x-ray diffractometer. 


1. Introduction 


During the past 10 years, a number of instruments 
have been built for the automatic and semiautomatic 
collection of single-crystal diffraction data, involving 
the diffraction of both x rays and neutrons. The earlier 
instruments [Prince and Abrahams, 1959; Abrahams, 
1962] were mostly semiautomatic, with input param- 
eters computed on an offline digital computer and 
transferred to a punched paper tape, which served as a 
program for the collection of data. The output data 
would also be recorded on punched tape, to be re- 
duced to integrated intensities and structure ampli- 
tudes by the computer. More recently a number of 
instruments have been built [Busing, Ellison, Levy, 
King, and Roseberry, 1968; Beaucage, Kelly, Ophir, 
Rankowitz, Spinrad, and Van Norton, 1966; Fitzwater, 
1965; Kruger and Dimmler, 1964] in which a computer 
was attached directly to a diffractometer, and served 
to compute settings, acquire the intensity data, and 
reduce the data to a greater or lesser extent online and 
in real time. 

In controlling diffractometers directly by computers, 
there have been two distinct approaches. The first, and 
so far the more common, approach is to use a small 


*A 10-minute 16-mm sound movie illustrating some aspects of this system may be obtained 
on free loan by addressing a request to Office of Technical Information and Publications, 
National Bureau of Standards, Washington, D.C. 20234 
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computer for each diffractometer instrument. A typi- 
cal example of this type of system is the one described 
by Busing et al. [1968]. The other system, which is eco- 
nomical only if there are several diffractometers lo- 
cated physically close together, as is frequently the 
case with neutron diffractometers at a reactor, is to 
share time on a large computer. Previous examples of 
this approach are the system constructed at Brook- 
haven National Laboratory [Beaucage et al., 1966], at 
Ames Laboratory [Fitzwater, 1965], and at the Kern- 
forschungszentrum in Karlsruhe [Kruger and Dim- 
mler, 1964]. Each approach has its advantages and 
disadvantages. In the case of the small computer for 
each diffractometer, there is the advantage of com- 
plete freedom from interactions with users of other 
instruments in the same installation, but the computing 
capacity of the small computer is limited. In practice 
the real-time capability is restricted to control and 
basic reduction of data, and the data handling itself is 
limited. The time-sharing approach gives much greater 
computing capability to each user, the advantage of 
sharing expensive peripheral equipment, and vastly 
greater data handling ability, but requires an extensive 
system program to control the time sharing. However, 
it must be recognized that even these latter advantages 
may be effectively lost if the writing, debugging, and 
modification of the programs that are to be written by 
the practicing solid-state physicist or structural 








chemist involve special computer knowledge or are 
inconvenient in any way. 

At a research installation such as a reactor, there is 
usually a wide variety of different types of experiment 
in progress at any one time. These may include single- 
crystal structure work, powder diffraction studies, 
diffraction studies of liquids or amorphous solids, 
neutron inelastic scattering studies of phonon and mag- 
non dispersion curves, or polarized neutron studies of 
magnetic materials. Although the apparatus for all of 
these experiments is similar, the programs for con- 
trolling the experiments and analyzing the data may be 
very different, and the experimenter’s ideas of the 
proper procedure may change as experience accumu- 
lates. In order to achieve the necessary versatility and 
flexibility in a system for controlling diffractometers at 
the National Bureau of Standards Reactor, it was de- 
cided to use the time-sharing approach, with two par- 
ticular design objectives. First, the individual 
instruments must have, as much as practicable, truly 
independent access to the computer: and second, it 
must be possible for virtually all user programs to be 
written in FORTRAN compiler language. In order to 
make the most effective use of available funds, it was 
further decided to design the system so as to hold capi- 
tal cost to a minimum, at the expense of some increase 
in the complexity of the operating system program; and 
operating costs were to be minimized by designing a 
system which required no operator to run it. 

This paper describes the system which has been 
developed to meet these objectives. The emphasis is 
placed on the general ideas behind the system design 
and, equally important, on the response of the users in 
terms of some of the features that have been incor- 
porated into the programs written so far. 


2 


The NBS diffractometer control system uses, for its 
central processing unit, an XDS 925 computer,' with a 
core memory capacity of 16,384 24-bit words, and a 
cycle time of 1.75 ws. The core memory is supple- 
mented by a rapid-access disk memory with a capacity 
of 262,144 words and an average access time of 17 ms. 
Other peripheral devices include a console type- 
writer, a paper tape reader and punch, a card reader, 
and a magnetic tape transport. Figure 1 shows a block 
diagram of the computer configuration. 

The computer communicates with the diffractom- 
eters and the experimenters by means of a system 
interface designed and built to NBS specifications by 
Xerox Data Systems, Inc. The system interface in- 
cludes a teletypewriter interface, a master controller, 
and a station controller for each diffractometer. The 
teletypewriter interface allows simultaneous communi- 
cation with the computer from up to eight remote 
Teletype? stations. The master controller consists of 


Computer Hardware Configuration 


Xerox Data Systems, Inc 


El Segundo, California. Certain commercial equipment is 
identified in this paper in order to describe adequately the hardware configuration of this 
system. In no case does such identification imply recommendation or endorsement by the 
U.S. Government, nor does it imply that the equipment identified is necessarily the best 


available for the purpose 


Teletype Corp., Skokie. Illinois 
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two identical units, each of which controls up to four 
diffractometer stations. It decodes signals going to and 
coming from the station controllers, and handles cer- 
tain functions which are common to all stations. These 
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FIGURE 1. Basic hardware of diffractometer control system showing 
> neutron and | x-ray diffractometers interfaced to computer. Each 
station has its own teletype unit. 


include a pair of digital to analog converters for data 
display, a 7.5-Hz clock function, light pen detector cir- 
cuits, and an adjustable timer used for controlling 
motors. The station controllers contain equipment 
which is specific to a particular diffractometer. This 
equipment includes a 16-bit scaler for counting the dif- 
fracted beam, a 20-bit scaler for the incident beam 
monitor, six circuits for detecting “degree marks” 
which are returned once per revolution of a motor, six 
circuits for detecting if any motor has hit a limit, five 
circuits to detect the state of breakpoint switches, and 
six relay drivers. 


3. System Programs 


The necessary computer programs may be arbi- 
trarily divided into system programs, which control 
over all operations, and user programs, which apply to 
computation and control for a user’s particular experi- 
ment. System programs are divided into an “offline” 
(non-real-time) system and an “online” (real-time) sys- 
tem. The offline system described in detail below con- 
tains programs needed for general housekeeping. 





a 











These include the FORTRAN compiler, loader, and 
library; the assembly routine; programs for such util- 
ity functions as copying paper tapes and initializing 
the system; a program for updating the system; and 
two programs for transferring control to the online 
system, one to be used after an orderly shutdown, and 
another to be used after an accidental or unplanned 
shutdown. 

The online system contains the programs needed to 
control the experiments and for day-to-day routine 
operations. It is divided into a core-resident part, and 
other parts which reside on the disk, to be loaded into 
core when needed. The core-resident system includes 
the time-sharing executive routine, referred to as the 
distributor, subroutines for servicing priority inter- 
rupts, all routines required by the FORTRAN run- 
time package, and a set of subroutines which are used 
very frequently by users’ programs, including all pro- 
grams for control of diffractometer operations, as well 
as frequently used computation routines such as SIN, 
COS, ATAN, and EXP. 

To each station there is assigned a specific 72-word 
block of core memory. Forty of these words are de- 
voted to buffers, 20 words each for input and output, 
for temporary storage of Teletype messages. The re- 
maining 32 words are pointers, counters, and flag 
words. One particular flag word, known as the status 
word, contains bits which are 1’s when certain real- 
time operations (such as the movement of a motor or 
the counting of neutrons) are in progress. and 0’s other- 
wise. Most of the other flag words are usually equal to 
—1, but are set to 0 when a real time operation is com- 
pleted. The distributor repeatedly tests these flag 
words, and when one is equal to 0 a branch is entered 
which takes appropriate action. This usually means 
setting a bit in the status word to 0. 

Action is initiated by typing a control message, 
which is a dollar sign followed by a four- to eight- 
character code word, and up to seven parameters. A 
carriage return or an exclamation point terminates the 
control message, and the control-message-finished flag 
is set. The distributor will then cause the control mes- 
sage processor to be read into core from the disk, and 
control is transferred to it. The control message proc- 
essor is a disk-resident program which interprets con- 
trol messages entered on a Teletype and initiates 
appropriate action. In addition to initializing the execu- 


tion of programs, other actions include the output of 


information regarding the status of the system and 
control of the disk files that may be used by the experi- 
menter. When the control message has been processed, 
control is returned to the distributor, which resumes 
testing. 

After testing all flags, the distributor tests all status 
words. If the station is active, but the status word 
indicates that no real time operation is in progress, 
a user program will be entered. First, the station’s 
COMMON area (i.e., locations where variables listed 
in a COMMON statement in a FORTRAN program are 
stored) is read into core from the disk. Attached to the 
COMMON area are several words which enable the 
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distributor to load the appropriate user program into 
core from the disk, and then to transfer control to 
the proper point in the program. The program may 
retain control for up to five seconds—a FORTRAN 
function is available to determine if time is almost 
up—and then must yield control. The COMMON area 
is now written back on the disk, and control is returned 
to the distributor. Thus the user saves needed variables 
(whose values would otherwise be lost upon yielding 
control to another station) by simply designating them 


to be in COMMON. 


4. User Programs 


User programs are two classes, designated level 1 
and level 2. A level 2 program is restricted to 128 words 
of COMMON. In return for this restriction it will be 
given priority handling by the distributor, which will 
handle it before any level 1 program. Level 2 programs 
are intended for operations, such as “manual” opera- 
tion of the diffractometers, during which a human 
operator is actually present waiting for results. A level 
1 main program (maximum length 5508 words) may 
call up to a maximum of six segments (each with a 
maximum length of 2548 words) that will overlay one 
another in core. There may be up to 1024 words of 
COMMON. Thus the system can accommodate pro- 
grams of great complexity, provided that they can be 
broken up into segments of less than 5 seconds of 
computing time each. 

One special relationship between level 1 and level 
2 programs is provided by use of the control message 
$PAUSE, which causes the level 1 program to halt 
temporarily. While in this status, a level 2 program, 
such as one that enables “manual operations” to 
check on crystal alinement or spectrometer perform- 
ance, may be executed. Finally, return to the original 
level 1 program is accomplished with $RESU ME. 


5. Control of Real-time Operations 


Real-time operations (such as moving a motor or 
starting the neutron counter) are controlled by means 
of a set of special subroutines that may be called by 
the users FORTRAN program. The user’s program 
computes the necessary parameters, calls the sub- 
routines which initiate the required operation, and 
then yields. The subroutines set the appropriate bits 
in the station’s status word, so that the station remains 
in a yield status until the real-time operation is com- 
pleted. When the distributor has reset all of these bits, 
control then returns to the next statement after the 
yield. The following sections describe each real-time 
operation in detail. 


5.1. Teletypes 
Each station has its own Teletype, which communi- 


cates with the computer through an interface which is 
independent of the computer’s main input-output 








buffer. The Teletypes are wired in the full duplex 
mode, so that input from the keyboard and output to 
the printer are independent. On input the computer 
identifies the sending station, examines the character 
to see if it has a special significance, and if it is valid in 
context, converts the code to its internal code, stores 
the character in 2a 20-word buffer in the station’s re- 


served area in the core, and acknowledges receipt of 


the character by retransmitting the character to the 
same Teletype’s printer. A user program may request 
input by calling a subroutine TYPEIN, which sets the 
input-expected bit in the station’s status word, and then 
automatically yields. An exclamation point or a car- 
riage return terminates the message, after which the 
program may read the message in the buffer by means 
of the standard FORTRAN ACCEPT statement. If the 
program has not yielded at a TYPEIN, only control 
messages (those preceded by $) may be entered. On 
output, characters are stored in a 20-word output 
buffer. The program then yields and the computer 
transmits the characters under interrupt control. 

An x-ray diffractometer, located in a building remote 
from the computer, contains its own control hardware, 
and thus requires only Teletype communication to 
operate automatically. The messages sent by the com- 
puter are interpreted as. instructions by the diffractom- 
eter, which sends back data to the computer. 

The subroutine TYPEIN (whereby the user program 
calls for input) also starts the paper tape reader on the 
Teletype so that if a tape is in position it will be read. 
When a station becomes inactive (usually because a 
program has finished execution) the distributor will 
start the paper tape reader at that station. This feature 
is very useful because it makes it possible to execute 
a sequence of programs. 


5.2. Neutron counting 


Each neutron diffractometer has two pulse-counting 
channels, one for a monitor detector and one for the 
diffracted beam, connected to scalers built into the 
computer interface. The output of the diffracted-beam 
channel is also connected to a count-rate-meter which 
drives a strip chart recorder,* which provides a con- 
tinuous time record of the detector output that is useful 
for monitoring the overall performance of the system 
during data collection. Either scaler may count either 
neutrons or 60-Hz timing pulses. The program calls one 
of the subroutines COUNT(MON) or CNTIME(MON) 
to count for MON monitor counts from detector or 
60-Hz respectively, and then yields. Both scalers 
are started by a signal from the computer, and count 
until the monitor scaler overfiows. Counting then stops, 
and the subroutine SCALER(ICOUNT) is used to read 
the diffracted beam count into location ICOUNT. 


5.3. Motor Control 


All neutron diffractometer angles are measured by 
means of worm gears or helical gears and worms driven 
by “Slo-Syn” stepping motors.* To start a motor the 


* Rustrak Instrument Co., Manchester, N.H., Model 88/109B 
* Manufactured by Superior Electric Co., Bristol, Conn. 





program calls a subroutine START(MONUM, TARG) 
for the fast, slewing speed, or STARTS(MONUM, 
TARG) for the slow, scanning speed. MONUM is the 
motor identification number, and TARG is the angle 
to be reached. The program starts all moters which 
must be moved and then yields. 

Motors may be assigned to any of eight frequencies. 
The stepping motors run more reliably at fast speeds 
if they are started by increasing the frequency in 
several steps. The system makes provision for starting 
motors in three steps, with frequency ratios of about 
1.4. Also, to take care of backlash in the gears, the 
system causes all motors which are driven in a negative 
direction to overshoot the target by 0.2 degree, and 
then approach the final angle in the positive direction. 

If the angle-measuring device driven by a motor hits 
a limit switch, it is an indication either of a program- 
ming error or of a malfunction which has caused the 
true angle to be different from the angel recorded in the 
computer. In either case the system program stops the 
motor, makes the station inactive, and prints a message 
on the station’s Teletype. 


5.4. Degree Markers 


Experience has shown that, if motors are properly 
installed and have been assigned to appropriate 
frequencies, slippage is a rare occurrence, but it must 
be detected if it does occur. For this purpose each 
motor is fitted with a degree marker, which consists of 
a lamp, a disk with a slot in it attached to the motor 
shaft, and a photodiode detector. The assembly is 
adjusted so that the slot will allow light to hit the photo- 
diode during the step immediately before a whole 
degree. If an error is detected a correction is made. If 
the number of errors exceeds a predetermined number, 
the motor is flagged as malfunctioning. The motor is 
stopped, and the station is made inactive. 


5.5. System Clock 


The system clock keeps track of the time of day and 
the day of the year, and performs two other system 
functions. It determines whether a station has used the 
computer for more than 5 seconds at a time, and stops 
the program if the time limit is exceeded. It also allows 
the programmer to call a subroutine HOLD (TIME) 
which automatically yields for a specified time interval 
and then resumes computing. 


5.6. Breakpoint Switches and Relays 


The computer interface provides five points per 
station which can be tested by the computer, using the 
FORTRAN statement IF (SENSE SWITCH N) to 
control branches in the program. These points are 
connected to toggle switches on the typewriter panel, 
and may also be connected to switches controlled by 
real-time operations, such as a temperature indicator 
or a position indicator. Each station is also provided 
with drivers for five relays, which can be set or reset 
by means of program instructions. These functions may 
be combined to perform such operations as measuring 
intensity versus temperature orchanging filters. 
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5.7. Data Display 


The computer interface provides two analog outputs, 
which can be set to values in the range + 10 V by means 
of program instructions. These outputs are fed into the 
X and Y inputs of a storage oscilloscope *® and an X — Y 
plotter. A FORTRAN subroutine, CONVRT (IX, TY) 
sets the outputs to levels proportional to the values of 
IX and IY in the range 0 to 511. Another subroutine, 
DISPLAY (IYO, ISIZE), if called as the next ex- 
ecutable statement after a TYPE statement, will 
cancel the typing and instead will display the charac- 
ters of the output record on the oscilloscope screen, 
enabling the programmer to label a data display with 
identifying information. The arguments specify the 
height on the screen where the line of characters will be 
displayed and the size of the characters. 

The experimenter may manipulate the data dis- 
played on the oscilloscope by means of a light pen.’ A 
word in core is incremented whenever the pen is in 
position to be activated by a spot flashed onto the 
screen. The value of the word is then available as the 
function LITEPN (N) which is tested by the program 
immediately after each particular spot has been dis- 
played. The word is automatically reset to — 1 each time 
the function is called. 


5.8. Sequential Files on the Disk 


151,552 words of disk memory, slightly more than 
one half of the total disk memory, are allocated for 
storage by the users of data and intermediate results of 
computations. This space is divided into files, which, 
from the programmer’s point of view, simulate binary 
magnetic tape units. Files are divided into 128-word 
records, and are of two types: data files, containing 88 
records; and scratch files, with eight records. The 
FORTRAN statements READ TAPE N and WRITE 
TAPE N will read information from and record in- 
formation on file N. Two subroutines, RWNDSF(N) 
and SKPREC(N, ISKP) will, respectively, “rewind” 
the file N and “skip forward” ISKP records in the file. 
Control messages are used to reserve up to five files 
at each station, gain access to a file at another station 
(read only), or to transfer a file from one station to 
another. Logical unit numbers may be assigned to 
files and they may be write-protected if desired. 


5.9. Other Input-Output 


The computer has a magnetic tape drive unit, a card 
reader, and paper tape reader and punch which may be 
used by programs called from a Teletype station located 
in the computer room. The BCD tape operation state- 
ments of FORTRAN, READ INPUT TAPE N and 
WRITE OUTPUT TAPE N, may be used by experi- 
menters for reading and writing magnetic tapes for 
permanently storing data or for communicating with 
other machines. 


* Tektronix, Inc., Portland, Oregon, Model RM564. 
® Hewlett-Packard, Pasadena, California, Moseley 7035B. 
7 Sanders Associates, Inc., Nashua, N.H., Photopen EOPT. 








6. The Offline System 


When the control system was still in the planning 
stage, it was concluded that it was not feasible to 
compile and load FORTRAN programs while sharing 
time with other operations. This would have required 
modifying the FORTRAN compiler itself to be a 
real-time program, a task which would have been far 
too difficult to justify in terms of the benefits that 
would have resulted. Therefore compiling and loading 
of programs, along with certain other less frequent 
operations, are done in a non-real-time, batch proc- 
essing mode under the “offline system.” Care was 
taken to make the transition from the online to the 
offline mode (and vice versa) automatic and foolproof; 
no data or motor angles are lost. The real-time opera- 
tions are merely suspended upon going offline. 

The compiler is a REAL TIME FORTRAN II, which 
was supplied by XDS and has not been changed in any 
way. Virtually all user programs are written in 
FORTRAN language and compiled using this compiler. 
The only exceptions are certain very short, special- 
purpose subroutines which perform operations outside 
of the restrictions of the FORTRAN language, and 
therefore must be written in assembly language. 

In actual operation a source program, on punched 
cards, is compiled, producing a binary object program 
on punched paper tape. The program is assigned a 
number, by which it may be called during real-time 
operation, and is loaded into core. Library subroutines 
and links to core-resident subroutines are attached, 
in absolute address form. When loading is complete, 
the program and all attached subroutines are written 
on a program file on the disk, and the program’s 
number is inserted in the program directory, an area on 
the disk which contains a catalog of the locations of all 
programs in the program area. The directory will then 
be scanned by the control message processor to de- 
termine the locations from which the program is to be 
loaded into core at run time. 

The offline system also contains various programs 
for initializing the system, and for certain other utility 
operations. 


7. User Software 


The actual use of a computer may change one’s 
approach to the problem at hand, but the implementa- 
tion of revised ideas is very much a function of the 
amount of labor involved. The use of FORTRAN has 
greatly faclitated the development of programs by 
individual users. The extensive I/0 capabilities of 
FORTRAN and the use of the COMMON statement to 
designate the locations of necessary variables have 
enabled application of some generally useful ideas that 
have emerged in the course of writing user programs. 
This section lists some of these ideas, and gives ex- 
amples of how they have been used so far. The pro- 
grams mentioned do not represent an inclusive list of 
the programs that have been written. The program 
library is still being steadily expanded. 
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Routine Tasks 


Short, routine tasks frequently repeated require 
highly simplified input from the Teletype for maximum 
convenience. One example is a program that carries 
out simple tasks such as driving motors to a designated 
angle, counting in place, rocking a crystal through a 
given angular range, finding the monitor count, finding 
the location of a peak within a given range, etc. The 
operation code consists of two letters, such as “FM” 
for find monitor count rate and “CT” for count. 


7.2. Experimental Parameters 
Parameters that are used repeatedly in an experi- 
ment are entered once, and then saved in COMMON. 
For example, in the program described above the moni- 
tor count is entered with M =(I8). Subsequently, every 
time “CT” is called, the same monitor count is used. 
A more spohisticated example of this same idea is 
given by a separate program (called PRAM) which 
accepts all pertinent data for a single crystal, including 
cell constants, Laue point group, systematic absences, 
the orientation of the crystal, etc. This program stores 
these quantities in COMMON, along with certain 
derived quantities such as the orientation matrix, 
where they are available to other programs that may 
now easily compute the setting angles for any reflec- 
tion, Akl, or use other information supplied by PRAM. 


7.3. Data Handling 

The need for the ability to reduce and manipulate 
data with a rapid turnaround varies widely from one 
experiment to another. In some cases it may be sufh- 
cient to write data in “raw” form on a magnetic tape, 
leaving all further processing to a central computing 
facility. In other cases it may be desirable for the user 
to exercise human judgement in the course of an ex- 
periment. Judgement may be shared between the user 
and the computer in varying proportions depending on 
the circumstances. It is important to have available, 
in addition to the actual online control programs, data- 
handling programs sufficient to perform whatever ma- 
nipulations may be required to provide the information 
that is needed quickly. 

As an illustration of a rather complete capacity for 
handling data, consider the set of programs written for 
processing powder data (i.e., neutron intensity as a 
function of counter angle). These data are taken by one 
program which stores them with suitable header 
information, which includes a problem number and 
run number, and five integer parameters which the 
experimenter may use to label conditions of the run, 
such as the temperature, magnetic field, etc. This 
program collects the data, stores them on a data file, 
and prints out the information as it is accumulated, if 
desired. This record is not very compact since each 
line contains only one intensity point. This program 
may be used repeatedly to collect many runs, which 
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may be repeats or runs under different experimental 
conditions. A second independent display program 
will read the data and print it out in compact form, 
display it on the storage scope, or plot it on the x—y 
recorder. Scaling may be done automatically by the 
program or left to the choice of the user. Background 
points may be indicated by the user by means of the 
light pen, or on the Teletype, and commands given 
for the net integrated intensity of a peak to be deter- 
mined, together with its statistical error. A_ third 
program enables the experimenter to collate any data 
runs by adding or subtracting two or more of them. The 
results of the collation are also stored on a file and may 
be subsequently processed by the second program. 
Printouts of collated runs contain the statistical errors 
for each data point. There are two additional programs, 
one for writing data files from the disk onto magnetic 
tape and the other for recalling data from magnetic 
tape back onto the disk where it can be reprocessed. 
The recall program utilized problem and run numbers 
and the five integer parameters mentioned above to 
search the tape for the desired data. 

The system feature which allows one station to have 
access (read-only) to another station’s files allows all 
the manipulative and analysis functions described 
above to be carried out while data collection is still 
going on at the experimental station. 


7.4. Modification of Programs 


It would appear to be an axiom of computer usage 
that the full specifications for a complicated program 
or system of programs are never completely known 
beforehand, but rather evolve during the course of 
writing, testing, and using the programs. A typical 
example is illustrated by the powder data program 
mentioned above, which, because of the FORTRAN 
capability, was easily modified to collect data as a 
function of sin 6/A (@=counter angle, A= wavelength) 
where amorphous materials were measured. A further 
modification enables one to collect data for a single 
crystal for scans along some specified direction in 
reciprocal space. In all three cases the data finally 
stored on the data file are in the form of intensity as a 
function of some continuous variable. Thus, the 
manipulative and analysis program described in the 
previous section could be used as written. 


7.5. Automation of Routine Tasks 

Certain routine tasks, if automated, will be used 
more frequently with better overall results for the 
experiment. 

One example of such a task is the measurement of 
the neutron wavelength and the zero correction to the 
counter angle. A copper powder sample is used as a 
standard and four reflections are scanned for their 
angular positions. The only input required to the 
program is an approximate value of the wavelength. 
The program determines the best, least squares value 
of the wavelength and zero correction. 





7.6. Feedback 


Utilization of feedback enables great efficiencies to 
be realized in data taking. For example, when measur- 
ing single crystals with moderately large unit cells, 
for which many hundreds of reflections are required, 
large amounts of time may be wasted by scanning 
reflections which are so weak that they are essentially 
unmeasurable or by measuring strong reflections to an 
accuracy greater than is needed. A program was there- 
fore written which performs a quick scan over the peak 
to estimate the intensity first and then proceeds to 
measure the reflection to the desired accuracy. This 
program also checks several successive measurements 
of the intensity for statistical consistency, and causes 
the data to be remeasured if they are not consistent. 


8. Operating Experience 


In 22 months of operation the system has proved 
itself to be highly flexible and reliable. Because the 
designers and system programmers are also user- 
scientists, this has permitted modifications to the 
system program to be made easily when the need was 
apparent. More than 10 different people have written 
programs for use on the system with a minimum of 
difficulty. In some cases the fact that programs are 
written in FORTRAN has enabled the use of programs 
which were originally written for quite different 
machines under quite different circumstances, without 
any modification whatsoever. The FORTRAN com- 
piler, with its diagnostics, is so effective in eliminating 
user programming errors that in practice it has been 
found that all inhibitions to writing new programs for 
fear they might adversely affect other user programs 
have been removed. Only two ways have been found 
for a programming error to cause a system malfunction: 
writing in an array with an incorrectly computed value 
for a subscript, and use of an incorrect name for a 
subroutine. The latter error can cause trouble only if 
the incorrect name also appears in the library with a 
special significance. 

In the unlikely event that the system does crash, it 
may be restarted with a single control message and the 


403-833 O- 70-3 


only variables that must be restored at each station are 
the motor angles. The user program may test for a 
restart condition and take special action if that is 
needed; otherwise the user program will automatically 
continue from the statement after which it last yielded. 

The stepping motors have proved to be highly reli- 
able, provided they are operated within their ratings 
with respect to speed and torque. When properly ad- 
justed they have been shown to operate for tens of 
thousands of revolutions without a single slippage 
error. In a few cases it has been necessary to experi- 
ment with a motor to find its proper speed, but the fact 
that speeds are determined by programs means that 
they can be changed by simple program changes, often 
no more than the change of one or two words in a 
system program. 

Because different users can communicate with the 
computer simultaneously through the individual sta- 
tion Teletypes, instances of interference between users 
for access to input-output facilities have been ex- 
tremely rare. The system has proved, so far, to satisfy 
its design objectives extremely well. 


The basic concepts of the time sharing and the 
FORTRAN capability were developed jointly with 
Gerd Dimmler of the Brookhaven National Laboratory. 
His valuable contributions are gratefully acknowl- 
edged. We also thank Louis Paolella, Alan Tudgay, and 
Robert Williams for their assistence in installing the 
system hardware. 
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Short-time tensile tests were made at room temperature on sheet specimens of vapor-deposited 
copper containing zero to 26 volume percent continuous tungsten wires having diameters of 0.0005, 
0.001, and 0.005-inch. Specimens were annealed at 25, 300, and 600 °C (298, 573, and 873 K) prior to 
testing. Strength, ductility, shape of the stress-strain curves, and types of fractures were influenced by 
volume fraction and number of layers of wires as well as by wire diameter and alinement. Strength 
values for the composites with 2 to 3 percent volume fractions of wires exceeded those predicted by the 
law of mixtures whereas at higher volume fractions, either conformance to the law was observed or 
lower values than those predicted were obtained. Increase in strength was accompanied by a decrease 
in electrical conductivity. All the properties investigated were markedly affected by increasing the 
annealing temperature. Tungsten wires failed in a ductile manner after considerable localized deforma- 


tion (“necking”) in various sections of the wires. 


Key words: Composites; copper; electrical conductivity; fracture; law of mixtures; metallic bonding; 
tensile properties; tungsten; vapor-deposition; wires. 


1. Introduction 


The possibility of producing structural materials 
having mechanical properties better than those cur- 
rently available has led to a number of investigations 
involving metal-fiber composites. However, clarifica- 
tion of basic principles associated with composite 
behavior can be made only after an accumulation of a 
significant amount of data obtained in carefully con- 
trolled tests and with composites in which the matrix 
and fibers are mutually compatible. One such com- 
posite is a system containing a copper matrix with 
tungsten wires. Cu—W composites were used, in part, 
‘by Kelly and Davies [1]! in deriving some basic 
principles of fiber-reinforcement. Several other in- 
vestigators have also made mechanical property and 
electrical resistivity measurements on this composite 
[2, 3, 4, 5, 6]. Their materials were made by liquid 
infiltration or by electroforming processes. Data in the 
present investigation were obtained from specimens 
made from vapor-deposited copper and vapor-deposited 
copper containing tungsten wires. The purposes of this 
investigation were to: (1) determine the effects of vol- 
ume fraction, diameter, and number of layers of wires 
and wire alinement on room-temperature mechanical 
properties; (2) determine the effect of annealing on 
these properties; (3) relate mechanical behavior to the 
shape of the stress-strain curve; (4) ascertain con- 


“Present address: 1829 Ingleside Terrace N.W. Washington, D.C. 20010. 
Figures in brackets indicate the literature references at the end of this paper. 
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formance of the data to the “law of mixtures”; (5) 
correlate strength values with electrical conductivity; 
(6) observe the types of fractures obtained; and (7) 
determine the mechanism by which the tungsten wires 
deformed or fractured. 


2. Materials and Testing Procedures 


Sheets of vapor-deposited copper and _vapor- 
deposited copper containing tungsten wires were 
prepared and supplied in the condition as vapor- 
deposited (referred to hereafter also as “VD” or “‘as 
annealed at 25 °C’). The copper sheets were approx- 
imately 15 inches (38.1 cm) long, 1 in (2.54 cm) wide 
and 0.01 in (0.0254 cm) thick. The composite sheets 
contained continuous tungsten wires. The length and 
width of these sheets were the same as those for the 
copper; however, the thickness was dependent on the 
number of layers of wires (1, 2, or 3), volume fraction 
of wires (ranging from 2.1 to 26%), and wire diameters 
(0.0005, 0.001 or 0.005 in) (0.0127, 0.0254, or 0.127 mm), 
as shown in table 1. With one exception, the wires 
were alined in the longitudinal direction. In the excep- 
tion, the wires were deliberately misalined in order to 
ascertain the effects of misalinement on mechanical 
properties. Blanks 4.25 in (10.8 cm) long and 1 in 
(2.54 cm) wide were cut from the sheets. The blanks 
were then cut in half in the longitudinal direction to 
make duplicate adjacent specimens having dimensions 
of 4.25 by 0.5 in (10.8 by 1.27 cm). These were ma- 
chined into tensile specimens, each having a 0.2-in 








(0.51 em) width over a 1-in (2.54 em) gage length. The 
pairs of specimens were then divided into three groups: 
one group to be tested in the vapor-deposited condition, 
the second group was annealed in vacuum for 15 min 
at 300 °C, and the third group was annealed in vacuum 
for 15 min at 600 °C. Cross sections of the vapor- 
deposited copper before and after annealing at 600 °C 
are shown in figure 1. Microstructures of some of the 


FIGURE 1. Microstructure of vapor-deposited copper. 


Cross sections, etched in equal parts NH,OH and H,O, (3%); x 100 
\. As vapor-deposited (annealed at 25 °C) 
B. Annealed at 600 % 


as received composites are shown in figure 2. Fairly 
evenly spaced tungsten wires in the copper matrix are 
evident in figure 2A, B, and C. Poorly spaced wires 
are shown in figure 2D for a composite which was 
examined but not tested. The absence of any observ- 
able (at X 500 magnification) chemical reactions at the 
Cu-W interface is shown in figure 2E. Composite 
sheets having large voids such as those shown in 
figure 3A were also discarded prior to making the 
tensile specimens, while those having structures as 
shown in figure 3B, C, and D were considered to be 
usable. Reactions of the etchant with the interface 
material were more apparent in the annealed material 
(fig. 3C and D) than in the material in the condition as 
vapor-deposited (fig. 3A). Moreover, well-defined 
grains, evident in the annealed copper (fig. 1B) were 
not observed in the annealed composite (fig. 3D). 


— 1. _ _ EE —_—— 


FIGURE 2. Microstructures of vapor-deposited copper with tungsten 


wires. Cross sections. 


Wire Number of 


diameter layers of Etchant Magnification 
inct wires 
: 4 4 } 
0.0005 3 | 1:1 NH,OH and H.O, (3%) } x 100 
B 001 l do 1 x 100 
( 001 2 | do , x 100 
D 001 3 i do x 100 
k 001 1 | None | x 500 
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The specimens were tested in tension in air at a 
temperature of about 25 °C. The movement of the 
cross-head of the hydraulic machine was controlled to 
produce a rate of straining of about 0.1 percent per 
minute. A fixture was specially designed and built in 





FIGURE 3. Microstructures of vapor-deposited copper with tungsten 
wires. 
Cross sections, etched in equal parts NHsOH and HO, (3%); * 250 
A. B. — Annealed at 25 °¢ 
( — Annealed at 300 °C. 
D — Annealed at 600 °C 


this laboratory to insure alinement and nonbending of 
the specimens as they were placed in the grips (fig. 4A). 
The same view with fixture removed and specimen 
ready for testing is shown in figure 4B. 


3. Results and Discussion 


Test results are shown in Tables 1 and 2 and in 
figures 5 through 18. The effects of annealing on the 
stress-extension curves and on the mechanical prop- 
erties of the copper are shown in figures 5 and 6. 
Annealing the copper at 300 °C had little or no effect 
on the stress-extension curves from zero to 15 ksi 
(103.4Mn/m?). However, the tensile strength of the 
vapor-deposited copper and the annealed (at 300 °C) 
copper was approximately the same. This occurred in 
spite of the fact that the yield strength of the annealed 
specimen was much lower than that of the vapor- 
deposited specimen. Increasing the annealing tempera- 
ture to 600 °C caused a greater decrease in yield than in 
tensile strength. This decrease in strength was ac- 
companied by a large increase in elongation. 
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FiGURE 4. Photographs of part of the apparatus used for making 
fol 4 y P = 
tension tests on the Cu-W composite specimens. 


A. Set-up with specially designed fixture for insuring alinement and nonbending of specimen 
during placement of specimen in grips. 
B. Same view as A with fixture removed. 


McDanels et al. [2] have presented data which indi- 
cated the existence of four stages of stress-strain 
behavior during tensile testing of copper-tungsten 
composites. These stages were: elastic deformation of 
both fiber and matrix (stage 1), elastic deformation of 
fiber and plastic deformation of matrix (stage 2), 
plastic deformation of both fiber and matrix (stage 3), 
and failure of fiber and matrix (stage 4). Weeton et al 
[3| indicated that the shape of the stress-strain curve, 
especially in stage 4, depended on the manner in which 
the fibers fractured. 

Stress-extension curves for some of the specimens 
used in the present investigation are shown in figures 7 
through 12. It is observable that the point of occurrence 
of each of the stages and the flatness of the curves are 
affected by such test conditions as the number of 
layers, volume percent and diameter of the wires as 
well as the annealing temperature and wire misaline- 
ment. During stages 1 and 2 (region from zero stress 
to the yield point) the slopes of some of the curves are 
only slightly affected by annealing at 300 °C (figs. 7, 8, 
10, and 11). However, during the third stage (the 
region between yield and maximum load), the shape of 
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FIGURE 5. Effect of annealing temperature on stress-extension 


curves of vapor-deposited copper specimens. 
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curves of vapor-deposited copper specimens containing 2.1 volume 
percent tungsten wires. 
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curves of vapor-deposited copper specimens containing 3 volume 


percent tungsten wires. 
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Effect of annealing temperature on stress-extension 
curves of vapor-deposited copper specimens containing 10 volume 


percent misalined tungsten wires. 
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TABLE |. Test conditions and results of room temperature tensile tests made on composites having a copper matrix with continuous tungsten 
. wires 


Volume Wire 
fraction | diameter, 
wires, % inch 
| 
2.1 | 0.0005 
2.1 | .0005 
3.0 | 00] 
3.0 00] 
| 
10 .001 
10 .001 
9.1 | .001 
9.1 | .001 
9.9 001 
99 | 001 
} 
95 | 001 
9.5 .001 
| 
9.7 | 001 
9.7 001 
26 .005 
26 .005 
2.1 0.0005 
3.0 001 
9.1 .001 
99 | 001 
95 | 001 
9.7 | .001 
| 
| 
2.1 0.0005 
3.0 | .001 
10 | 001 
9.1 | 001 
99 .001 
9.5 | 001 
9.7 | 001 
26 | .005 
- — i : 


1 ksi 


Number of | 


layers of 
wires 


NON 


Nh 


Wwh — Ww Ww 


— a WW 


No Ww W bh 


i» 


| 
| 
| 
| 
| 
| 
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| 
— = 


| strength, 
| 0.2% offset. 


ksi‘ 


27 
22 
33 
38 
33 
36 
32 
80 


nin 


ww 


wn 


wu 


uw 
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Tensile strength divided by theoretical tensile strength. 
Fracture initiated outside of gage length. 


6.895 MN/m 








Tensile | Elongation be 
strength, % in 1 >" 
ksi inch 
aS (eee Ae. 
Annealed at 25 °C 
63.2 2.1 1.486 
63.2 | as 1.486 
| 
54.2 1.0 | 1.179 
59.4 | 3.3 1.292 
60 0.7 0.725 
60 6 725 
| 
104.8 fe | 1.338 
106.1 1.2 1.354 
82 cs 0.994 
81.2 1.6 .985 
83.5 1.9 | 1.040 | 
799.2 | 19 0.987 | 
77.4 18 =| .953 
72.4 1.5 | 89) | 
| | 
| 
125.7 1. | 983 | 
113.2 I 0.6 886 | 
_ - —— 1 . — 
Annealed at 300 °C 
——— _— —+ 
96.6 5 | 1.456 
51.9 | 6.9 1.107 
116.4 1.4 1.470 | 
59.3 1.55 0.711 
74.6 | 2.8 919 
esis «ee 635 
Annealed at 600 °C 
ws © | 
45.1 | 9.7 1.255 
426 | 78 1.078 | 
50.7 | 1.3 | 0.661 
64.4 1.8 | .89] 
57.3 1.5 749 
576 | 27 787 | 
53.7 | 3 714 
mt. al 1.8 912 | 
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all the curves are affected by prior annealing. During 
the fourth stage (region between maximum load and 
rupture), a number of different rupture mechanisms 
appeared to occur, and they were strongly dependent 
on test conditions. For example, smooth curves in this 
region indicated that the wires retained some of thei: 
bond strength after fracturing and acted as discon- 
tinuous fibers would be expected to act (fig. 7). As the 
volume percent or size of the wires increased (e.g. 
figs. 8 and 12), the stress-extension behavior indicated 
that nearly all the fibers fractured in the region of 
maximum load since very little extension occurred 
between maximum load and fracture. Misalinement of 
the fibers contributed to premature rupture.” This 
behavior was observed with duplicate vapor-deposited 
specimens (VD curves, fig. 9) in which the wires were 
deliberately misalined. Catastrophic failure was not 
observed for the specimen with poorly alined wires 
and annealed at 600 °C (fig. 9). A strengthening effect 
occured during some portions of the fourth stage as 
shown by a reversal in the 600 °C curve in figure 10; 
whereas, some other specimens exhibited a discon- 
tinuous weakening effect during this stage (600 °C 
curve in fig. 11). Duplicate tests indicated slight differ- 
ences in slope of the stress-extension curves in the 
first stage (VD curves, fig. 9) even though the tensile 
strength of the specimens from the same sheet was 
the same (table 1). 
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FIGURE 12. Effect of annealing temperature on stress-extension 


curves of vapor-deposited copper specimens containing 26 volume 
percent tungsten wires. 


?Premature rupture indicates that the specimen fractured completely prior to the 
attainment of tensile strength. 


Previous investigations [1], 3, 5] have shown that a 
number of factors influence the strength and ductility 
of composites. The influence of test conditions on 
yield and tensile strength and elongation for composite 
specimens used in the present investigation is shown in 
figures 13, 14, and 15 and in table 1. As indicated in 














TABLE 2. Test conditions and results of tensile tests made on the 
vapor-deposited copper matrix material 
Se 
‘ ‘iel ae: 
Annealing | Yield Tensile le ‘ 
euieeniemeaed strength, ected. | Elongation 
emperature | 0.2% offset cao | 
— + 
S ksi ksi |% in 1 inch 
25 30.2 30.3 0.36 
25 29.1 30.2 fe 
300 25.5 31.1 2.5 
600 8.8 23.5 14.6 








figures 13A and 14A, a decrease in the tungsten wire 
diameter from 0.001 to 0.0005 in resulted in an in- 
crease in the yield and tensile strength of the com- 
posite. This observation was consistent with the fact 
that the tensile strength of the smaller wire was 12 
percent higher than that of the larger wire. This was not 
unexpected as the larger wire probably had more 
internal defects than the smaller one. 

McDanels et al. [2] have discussed the effects of 
orientation of fibers on mechanical properties and con- 
cluded that composites with randomly oriented fibers 
should have lower strengths than similar composites 
in which the fibers (wires) were alined in the direction 
parallel to the direction of loading. This conclusion 
was confirmed by the data obtained in the present 
investigation as shown in figures 13B and 14B. How- 
ever, strengthening effects due to alining were less 
pronounced as the annealing temperatures were 
increased. 

As shown in figures 13C and 14C, sheet specimens 
with one layer of wires had higher strength than those 
with two or three layers of wires. This effect was less 
evident as the annealing temperature was raised to 
600 °C. Increasing the number of layers of wires from 
two to three had little or no effect on the yield and 
tensile strength. Moreover, increasing the annealing 
temperature for the monolayer from 25 to 300 °C had 
no effect on the yield strength (fig. 13C) and a slight 
increase tensile strength was observed (fig. 14C). 

Jeck and Signorelli [4] suggested that decreasing the 
thickness of the matrix between fibers increases the 
shear strength of the matrix. As shown in figures 13D 
and 14D, decreasing the thickness of matrix material 
(Cu) between the tungsten wires increased the yield 
and tensile strengths of the composites. The data indi- 
cate that a triaxial strengthening effect exists even for 
the annealed material. 

The greatest increase in strength above that of the 
vapor-deposited copper was obtained with the com- 
posite specimens having 26 volume percent of 0.005-in 
diam wires. These specimens also showed the least 
tendency to lose strength on increasing the annealing 
temperature from 25 to 600 °C. This latter observation 
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of vapor-deposited copper specimens and vapor-deposited copper 


specimens containing tungste 


is due to the fact that this composite contained the 
least amount of matrix material. Moreover, the strength- 
ening occurred in spite of a 36 percent decrease in 
tensile strength of the 0.005-in diam wires below that of 
the 0.0005-in diam wires. 

The influence of test conditions on elongation of the 
specimens used in the present investigation is shown in 
figure 15. Elongation of all the composites was greater 
than that of the copper for the specimens annealed at 
25 °C; whereas the reverse was true for those annealed 
at 600 °C. With few exceptions elongation increased 
with an increase in annealing temperature, a decrease 
in volume percent wires, better wire alinement, an in- 
crease in number of layers of wires, and interwire 
distance. Due to the scarcity of data no conclusions 
could be drawn concerning the effects of wire diameter 
on elongation. 

The law of mixtures, in which the strength of a com- 
posite is said to be equal to the sum of the tensile 
strength of each component multiplied by its volume 
fraction, has been shown to be valid for a number of 
composites. However, deviations from the law have 
been found for some complete systems and at various 
volume fractions of wires for the same system. Weeton 
and Signorelli [3] summarized a number of factors 
known to produce synergistic effects in a composite. 
Conversely, deleterious effects may be attributed to the 
fact that matrix and fibers (wires) may not necessarily 
behave in the same manner individually as they do 
collectively in a composite. Both synergistic and 
deleterious effects were observed in the present in- 
vestigation (fig. 16). Strengths above those calculated 
from the law of mixtures were observed at low wire 
content while the opposite was observed for the high 
volume percent wire content. Tensile strength-theo- 


n wires. 


retical tensile strength ratios associated with both the 
deleterious and synergistic effects were lowered by 
raising the annealing temperature to 600 °C. 

Properties other than strength and ductility may be 
important in engineering design of structural com- 
ponents. Electrical conductivity and resistivity are two 
of these properties. Using Cu-W composites made by 
liquid infiltration, McDanels [6] indicated that electrical 
conductivity was a linear function of fiber content. 
The relationship showing changes in electrical resis- 
tivity and conductivity of the present composites and 
the strength and volume percent of tungsten wires is 
shown in figures 17 and 18. An initial rapid rate of 
increase in electrical resistivity with increase in volume 
percent of wires or tensile strength was followed by a 
slower increase as these variables were increased 
(fig. 17A and B). As shown in figure 17C, no consistent 
relations existed between electrical resistivity and the 
tensile strength-theoretical tensile strength ratio. The 
decrease in electrical conductivity with increase ‘in 
strength is shown in figure 18. All of these curves show 
inflection points after which the rate of decrease in 
electrical conductivity with increase in strength de- 
creases as the yield or tensile strength increases. The 
curves appear to level off at about 65 percent decrease 
in electrical conductivity below that, of the vapor- 
deposited copper. 


4. Metallography 


Some of the copper and Cu-W composite specimens 
were examined after rupture. The results are shown in 
figures 19 through 22. Rupture of the copper speci- 
mens, with no wires, initiated at one edge and pro- 
gressed through the specimen to the opposite edge of 
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FIGURE 14. 


Effect of annealing temperature on the tensile strength 


of vapor-deposited copper specimens and vapor-deposited copper 
specimens containing tungsten wires. 


the specimen (fig. 19B). The rate at which the fractures 
progressed decreased with increase in annealing tem- 
perature. Each of the fractures, shown in figure 19, 
was classified as tensile in that they occurred after the 
attainment of maximum load (fig. 5) and did not 
exhibit shear-type characteristics for which the stress- 
extension curves would be similar. The fracture 
surface became more jagged as the annealing tempera- 
ture increased (fig. 19). This tendency was accom- 
panied by an increase in the number of surface cracks 
that did not link up to become a part of the complete 
fracture. 

In table 1 and figure 20, the types of fractures of the 
composites are classified as premature, tensile, and 
shear. Premature fractures were associated with those 


specimens which ruptured before the attainment of 


the normal maximum load as indicated by stress- 
extension curves, such as the VD curves shown in 
figure 9. No premature fractures were observed for 
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specimens annealed at 300 or 600 °C. Moreover, where 
comparisons were possible, prematurity was accom- 
panied by low ductility (table 1 and fig. 20A and B). As 
indicated in table 2 and illustrated in figure 20C, most 
of the composite specimens exhibited a tensile-type 
fracture. From the amount of data available, ductility 
values associated with tensile fractures appeared to 
fall between the low values for the premature and the 
high values for the shear-type fractures. A typical 
shear-type fracture is shown in figure 20D, while a 
part shear-part tensile fracture is shown in figure 20E. 
Even though the fracture of the latter specimen occur- 
red outside the gage length and was accompanied by 
some wire-pullout, none of these factors affected either 
the tensile strength or elongation, as shown by a 
comparison with the data obtained on a duplicate 
specimen that fractured in a tensile manner (table 1). 
However, when extreme wire pull-out was observed 
during the tests (fig. 20F), no useful data could be 
obtained and the test results had to be discarded. 
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Relationship between strength and electrical conduc- 

















FIGURE 19. Vapor-deposited copper specimens after fracture. X 33 
A. Annealed at 25 % 
B. Annealed at 300% 
(. Annealed at 600 “C 








’ 
FIGURE 20. Vapor-deposited copper specimens containing tungsten 


wires, after fracture. Xo 


Data obtained F not used in this investigation 








FIGURE 21. Vapor-deposited copper specimen containing 
volume percent tungsten wires. 


Test stopped before complete fracture. 
A. Surface showing region of initiation of fracture. X 3.3 
B. Same region as A, after dissolution of some of the copper by HNOs (conc.). x 6.6 
C. A deformed and a fractured tungsten wire from area shown in B. X 330 


FIGURE 22. Fractured tungsten wires from Cu—W 
specimens after complete fracture in tension. 
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Fracture of most of the composite specimens was 
initiated away from the edges of the specimens as il- 
lustrated in figure 21A for a specimen for which the test 
was stopped after the attainment of maximum load and 
before complete rupture. After the copper was dis- 
solved away by nitric acid, the tungsten wires were 
exposed in the region of the crack (fig. 21B). Some of 
the wires had ruptured and some had been deformed 
and remained intact. Although the fractures occurred 
after extensive localized deformation (“necking”), a 
number of necks occurred in regions away from com- 
plete fracture (fig. 21C). Figure 22 indicates that the 
mechanisms of deformation and fracture of the 
tungsten wires imbedded in the copper matrix were 
essentially the same for all sizes of the wires used in 
this investigation. 


The authors are deeply grateful to Glenn W. Geil for 
his helpful discussions and to Mrs. Gertrude M. Davis 
for her assistance in the preparation of this manuscript. 


5. Summary 


1. Short-time tensile tests were made at room tem- 
perature on vapor-deposited copper specimens con- 
taining zero to 26 volume percent of continuous 
tungsten wires. Prior to testing, the specimens were 
annealed at 25, 300, or 600 °C. 

2. A decrease in strength, due to an increase in 
annealing temperature, was generally accompanied by 
an increase in ductility. 

3. An increase in strength was attributed to an 
increase in volume fraction of tungsten wires, decrease 
in wire diameter or decrease in the number of layers 
of wires. 

4. Specimens having poorly alined wires tended to 
have lower strength and ductility than specimens in 
which the wires were alined. 

5. Specimens having wires close together tended to 
have higher strength and lower ductility than those 
with wires more widely dispersed. 

6. The shape of the stress-strain curves and the 
types of fractures obtained were influenced by all the 
variables considered. 





7. Based on the law of mixtures the strength values 
for specimens annealed at 25 °C and having 2-3 volume 
percent wires were higher than the calculated theo- 
retical strengths. For the 9-10 volume percent wire 
composites they were equal to the theoretically calcu- 
lated values and for the 26 volume percent they were 
lower than the theoretical values. 

8. Additional deviations from the law of mixtures 
were caused by annealing the specimens at 300 or 
600 °C prior to testing. 

9. An increase in strength of the composites was 
accompanied by a decrease in electrical conductivity. 

10. Three types of fractures were observed: pre- 
mature, tensile, and shear. Premature fractures were 
associated with specimens less ductile and shear frac- 
tures with specimens more ductile than those that 
fractured in a tensile manner. 

1l. Fracture of the vapor-deposited copper initiated 
near one edge of the specimen; whereas fracture 
initiated near the center portion of the composite 
specimens. 

12. Tungsten wires in the composites failed after 
considerable necking of the wires. 

13. The number of “necks” in the individual wires 
appeared to be a function of wire diameter. 

14. The tungsten wires appeared to have a spread 
in fracture strengths and the composite failure resulted 
from complete fracture of all the wires. 
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A method is described that allows two-terminal capacitance measurements to be performed with 
uncertainties of + 0.0001 —0.0002 pF, the ultimate accuracy limit being imposed only by the repeata- 
bility performance of the connectors. This technique has been used for the calibration of coaxial 
capacitance standards and the measurement of the fringe capacitance of coaxial open-circuit termina- 
tions; other applications are also possible in the field of high-frequency coaxial measurements. 


Key words: Capacitance measurement; coaxial adaptor; coaxial connector; fringe capacitance; standard 


capacitor; two-terminal capacitor. 


1. Introduction 


Two-terminal capacitance standards of relatively low 
nominal value (beginning with 1 pF), equipped with 
coaxial connectors, are often used in high frequency 
measurements. Such capacitors are currently manu- 
factured as working standards for calibrating imped- 
ance bridges. Coaxial precision capacitors are the 
most suitable reference standards for a general system 
of high frequency immittance calibration [1].? There is 
therefore an increasing need for accurate calibration 
of these capacitance standards. 

Generally, precision standard capacitors intended 
for high frequency operation are calibrated at a low 
frequency and a frequency dependent correction is 
separately evaluated for taking into account the effect 
of the residual inductance [2]. Thus, the final accuracy 
of the capacitor calibration is to a great extent (and 
sometimes almost entirely) determined by the accuracy 
of the low frequency measurement. The main difhculty 
in this measurement is to establish a precise reference 
plane separating the capacitor from the measuring 
circuit. This plane must be mechanically identifiable 
and precisely reproducible; the capacitance measure- 
ment will be repeatable only in this case, avoiding the 
“connection errors.” The best presently known way to 
meet these requirements is to equip both the capacitor 
and the measuring instrument with precision coaxial 
connectors [3]. 

It is generally accepted that the effective capacitance 
of a standard two-terminal capacitor is the capacitance 


' The author is permanently with the Institute of Metrology, Bucharest, Romania. 
? Figures in brackets indicate the literature references at the end of this paper. 


added to the measuring circuit when the capacitor is 
connected to the terminals of the instrument (usually a 
bridge). It must be assumed that before connecting the 
capacitor, the instrument terminals were in a conven- 
tionally adopted “reference state,” for example in 
open-circuit, with a special open-circuit termination or 
in a hypothetical radial-field (TEM-field) configuration. 
The latter convention is to be preferred, since it gives a 
definition of the capacitance independent of the bridge 
terminals. The capacitance is defined assuming (a) 
a radial field in the vicinity of the connector reference 
plane and (b) the capacitor electrodes limited by the 
connector reference plane. In principle, this definition 
gives a precise meaning to the two-terminal capacitance 
concept, making it independent of the instrument used 
for its measurement. Two techniques have been 
developed for the measurement of two-terminal 
capacitance, in accordance with this definition: 

(a) The measurement is performed in two steps, 
first balancing the bridge with terminals open-circuited 
and then rebalancing with the capacitor connected. 
The result is: 


te = ACn — C; 


where iC, is the difference between the two readings 
on the bridge and C; is the fringe capacitance of the 
open-circuit connector [4]. Special techniques are 
required to determine the value of C; with a satisfactory 
accuracy. 

(b) A three-terminal to two-terminal adaptor, 
equipped with a suitable output connector, is inserted 
between a three-terminal bridge and the capacitor. 
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The capacitance to be determined is: 
C.= Cu —Crsa 


where C,, is the measured total direct capacitance and 
Cua is the direct capacitance of the adaptor. This 
method has been developed at the National Bureau of 
Standards [2]; the adaptor is of a coaxial guard- 
electrode type, and C,4 was calculated in terms of the 
dimensions of the active section. 

Both methods have the disadvantage that their ac- 
curacy depends directly on the accuracy with which the 
values of Cy and C.4 respectively are known. Experi- 
ence has shown that good quality connectors allow a 
very good repeatability to be achieved; nonrepeata- 
bility errors are typically one order of magnitude 
smaller than the uncertainty of C; and C,,. Therefore, 
existing techniques are limited to an accuracy con- 
siderably lower than the precision attainable in two- 
terminal capacitance measurements by using precision 
coaxial connectors. 

The “connector-pair” techniques described here 
require no corrections to be made nor any fringe 
capacitances or adaptor capacitances to be known. 
Two coaxial cables are used, each terminated with a 
precision connector of the same type as the capacitor 
to be measured. The capacitance is measured succes- 
sively with each of these cables. The unknown capac- 
itances of the cable and connector are then eliminated 
by connecting both cables to the bridge and making an 
additional measurement with the cable connectors 
coupled together. To avoid errors due to capacitance 
changes when cables are curved, a three-terminal 
bridge is used and the cable outer conductors are 
connected to the ground terminal of the bridge. Simple, 
non-precision two-terminal to three-terminal adaptors 
are introduced to connect the capacitor to the coaxial 
cables. 

Thus, the measuring circuit contains only connector 
pairs; in each measurement, two of the three con- 
nectors involved are coupled together, in all possible 
combinations. Obviously, an essential condition for 
this is the sexless character of connectors. 

The same principle can be applied in other measure- 
ments encountered in high frequency coaxial measure- 
ments: for example, determination of the direct 
capacitance of precision three-terminal to two-terminal 
adaptors, fringe capacitance measurements of preci- 
sion coaxial connectors and measurement of the capac- 
itance of precision coaxial lines. 


2. Two-Terminal Capacitance Measurement 


The measuring arrangement is shown in figure 1. 

The capacitor, whose capacitance C; is to be 
measured, is connected to the output of a three- 
terminal to two-terminal adaptor. This adaptor has 
been simply improvised by combining two NBS- Woods 
type coaxial connectors [5] with a thin dielectric sheet 
introduced between the outer conductor flanges.? A 


* Any other types of such adaptors can be used, the only conditions being a rigid construc- 
tion and good shielding. 





precision transformer-arm bridge is used, in three- 
terminal connection. Therefore, the measured capaci- 
tance is composed of C, and the direct capacitance of 
the adaptors, C, and Cy respectively. 

The measurement procedure is as follows: 

(a) The first adaptor with its cable and the capacitor 
C, are connected to the bridge terminals (fig. 1a); the 
capacitance measured by the bridge is 


C:=C,+C, (1) 


(b) Introducing the second adaptor into the circuit 
(fig. 1b) the measured capacitance is 


C.=Cg+C, (2) 


(c) Finally, with both adaptors connected to the 
bridge and their output connectors coupled together 
(fig. 1c) one obtains 


C3 = Cu + Cp. (3) 
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FIGURE 1. “Connector-pair” technique for two-terminal capacitance 


measurement: (a) First adaptor with capacitor connected to the 
bridge; (b) Second adaptor with capacitor connected to the bridge; 
(c) Both adaptors connected, with connectors coupled together. 


L—“low”-terminal of the bridge (detector input); H—“high”-terminal of the bridge (trans- 
former output); G—“ground”-terminal of the bridge. 
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Thus, from (1), (2) and (3): 


Cr=— (Ci, +C2—Cs). (4) 


Nil 


It is seen that the value of C,; is simply given by 
combining three measured capacitance values. In all 
cases there are only coupled connectors in the measur- 
ing circuit, thus assuring the required radial field 
conditions in the zone of the connector reference 
planes. In this way, the capacitor is connected in the 
normal manner and the radial field condition is 
achieved without using any extraneous devices. 

The capacitance of five standard two-terminal capa- 
citors, of nominal values ranging from 1 pF to 5 pF, 
was measured by this method. All capacitors and 
adaptors were equipped with 14 mm precision coaxial 
connectors. Each measurement was carried out at 
least ten times; generally, the repeatability was 
within + 0.0001 pF and in a few cases within + 0.0002 
pF, except the 5 pF capacitor which exhibited a larger 
spread of the measured values. 

Measurements were repeated using different 
adaptors (at least six adaptors in each case); no 
significant changes of the measured C, values were 
noticed. However, care had to be taken to avoid im- 
perfect coupling of connectors; in view of this, all 
measurements were repeated with connectors joined 
in two or three different positions. 

For comparison, the capacitors were calibrated by 
using the three-terminal to two-terminal adaptor 
method [2]. In these measurements, the value of the 
direct capacitance of the NBS precision adaptor was 
taken as Caq=0.8528 pF (see next section). Values 
determined by the two methods agree within the 
uncertainties of both methods. 

The results are summarized in table 1. The “esti- 
mated measurement uncertainty” includes non- 














TABLE 1. Measured capacitance of two-terminal 
capacitance standards 
Measured value pF Estimated 
Nominal measurement 
value pF By the By the uncertainty 
method “adaptor” pF 
described method 
1 1.0007 1.0007 + 0.0001 
2 2.0014 2.0013 + .0002 
phlcipuatiapnies 2.6675 2.6675 + .0001 
nian Satan Sree 2.6690 2.6691 +.0002 5 , 
5 4.999 4.999 + .001 














repeatability errors, systematic errors due to mechan- 
ical imperfections of individual connectors and errors 
introduced by the bridge. In most cases, errors caused 
by connector imperfections and bridge errors were 
negligible, so that the uncertainty figures given in 
table 1 practically coincide with the nonrepeatability 
values mentioned above; these figures represent an 
estimation based on computations of 3c (three times 
the standard deviation). 
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3. Measurement of the Direct Capacitance of 
Precision Three-Terminal to Two-Terminal 
Adaptors 


The same technique allows the direct capacitance 
of a three-terminal to two-terminal adaptor to be 
accurately measured. For this purpose, the adaptor is 
subjected to a measurement procedure similar to that 
previously described, together with two auxiliary three- 
terminal to two-terminal adaptors. Each adaptor pair is 
successively introduced in the circuit shown in figure 
1c; the following equations are obtained: 


Ci =Cuat Cra; (5) 
C2 = Cua = Coa; (6) 
C3=Caat Cra; (7) 


where: C,, C2, and C3 are the measured capacitance 
values, Coq is the direct capacitance of the adaptor to 
be measured and Cia, Coa are the direct capacitances 
of the auxiliary adaptors. 

Equations (5), (6), and (7) give 


Cu=5 (C,+C2—C). (8) 


One of the auxiliary adaptors may be replaced by a 
simple coaxial capacitor. In this case, the measurement 
is performed following step by step the procedure il- 
lustrated in figures la, 1b, and lc. 

More than two auxiliary adaptors may be also used, 
in all possible combinations, to obtain a number of 
equations exceeding the number of unknown quanti- 
ties (for example, in the case of three auxiliary adap- 
tors, 6 equations may be written for Caa, C14, Cig, and 
Cza). The use of more than three auxiliary adaptors 
permits determination of the same adaptor capacitance 
by a number of different combinations and, thereby, 
reveals any systematic errors which may exist. 

The direct capacitance of the NBS precision two- 
terminal to three-terminal coaxial adaptor [2] was 
determined by this method. Six auxiliary adaptors were 
used, in various combinations. As in the previously 
described measurements, the repeatability was within 
+0.0001 pF; no significant systematic errors could be 
detected. 

The value obtained is 


Caa= 0.8528 + 0.0002 pF, 


the estimated uncertainty including adaptor and 
connector instabilities. 

The value previously determined by calculation, 
based on dimensional measurements, is 


Caa= 0.8513 pF. 


4. Connector Fringe Capacitance 
Measurements 





The fringe capacitance of precision coaxial con- 
nectors has an important role in both lumped and 
distributed parameter measurements. For certain 
configurations this fringe capacitance may be cal- 
culated. A high frequency method for measuring the 
fringe capacitance of precision coaxial connectors was 
icomibed by Woods [4] and a low frequency one by 
Hersh [6]. The high frequency method consisted of 
measuring the difference of connector capacitances 
with open end and terminated by a precision quarter- 
wavelength short-circuited line. The low frequency 
method was based on three-terminal measurements 
with a guard electrode, an insulating gap being inserted 
in either the inner or the outer conductor of the coaxial 
connector. Both methods are rather cumbersome and 
of a limited accuracy, primarily because of certain 
perturbing effects that must be evaluated (for example, 
the “short-circuit’”” end of the A/4 line, the insulating 
gap separating the guard electrode). 

The “connector-pair” technique is_ particularly 
suitable for accurate fringe capacitance measurements, 
since the connector is under normal working conditions 
and no corrections or estimations are to be made. 

Consider the measuring circuit shown in figure 2a, 
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FIGURE 2. Connector fringe capacitance measurement: (a) Con- 
nectors in open-circuit; (b) Connectors coupled together. 





similar to that previously described. The measured 
capacitance is 
Ci =C, + Cra t+Cut+Cyen (9) 

where C, and Cy, are the direct capacitances of the 
adaptors, and Cy, and Cy, are the fringe capacitances 
of connectors at adaptor outputs. 

Now, if the connectors are coupled together, as in 
figure 2b, fringe capacitances disappear and the bridge 
measures 


C'=C.+Cs. (10) 


From (9) and (10) the sum of the fringe capacitances 


1S 


Caat+Cyp=Ci—C}=ACi. (11) 


Having three adaptors, with the same type of output 
connectors, these measurements can be performed 
three times, taking successively every possible com- 
bination of two connectors. The resulting equations 

Cra + Crp = AC); 
Crp 7 Cr = AC; 
Cr 7 Cra = ACs; 


(12) 


give the following expressions for the fringe capaci- 
tances: 


: (AC, — AC, + AC;); 


Cra = 9 


Cr= ; (AC, + AC, — AC;); 


‘ 1 
Cr = 2 

Therefore, the fringe capacitance of any coaxial 
connector (only sexless) can be determined by con- 
necting it to the output of a three-terminal to two- 
terminal ‘adaptor and by using two other auxiliary 
adaptors to perform the three measurements described. 
More than two auxiliary adaptors may also be used, in 
all possible combinations, to obtain a redundant 
system of equations that reduces measurement un- 
certainties. 

Table 2 shows the measured values of fringe capaci- 
tances on several 14 mm precision coaxial connectors. 

The fringe capacitances were determined in two 
cases: connectors with a special open-circuit termina- 
tion and without termination (open end). Larger 
uncertainties in open-end condition take account of 
noncontrollable influence of surrounding objects. 

It may be seen that for each individual connector 
the value of the fringe capacitance is quite stable, the 
measurements giving repeatable results. However, 
there is a relatively large spread of the Cy values for 
different connectors of the same type. It is believed 
that the value of C; depends primarily on the location 


(13) 


[= AC, + AC, + AC; ) 
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TABLE 2. 


Measured values of the fringe capacitance 
of 14 mm precision connectors 








With special Open-end 
| open-end termination 





Connector i 
Fringe 











it See Uncertainty Fringe Uncertainty 
| Capacitance | pF capacitance pF 
pF | pF | 

No. 2 | 0.1662 + 0.0002 0.1484 + 0.001 
No. 5 1672 | +.0002 1490 | + .001 
No. 9 1625 + .0002 1452 | +.001 
No. 10 | 1696 + 0002 1513. | = +.001 
NBS adapt. | 1655 + 0002 | 1480 | + .001 





of the center conductor top with respect to the refer- 
ence plane. With different terminations, Cy values are 
practically unchanged (variations noticed were smaller 
than 0.0001 pF). 

The measured values of C; are generally lower than 
indicated in the literature [7] for this type of connector: 
0.172 + 0.008 pF with the special open-circuit termina- 
tion and 0.155 + 0.008 pF with open end. 


5. Measurement of the Capacitance of Two- 


Port, Four-Port or Six-Port, Precision Coaxial 
Devices 


The capacitance of two-port, four-port, or six-port 
coaxial devices such as precision coaxial lines, angles, 
ramifications, cubes, etc., can be also determined by 
this method. In every case, the capacitance is meas- 
ured under rigorous radial field conditions for all ports 
of the device. 

The total capacitance of a precision coaxial line may 
be measured by inserting the line between the coaxial 
connectors of two three-terminal to two-terminal 
adaptors. The line capacitance value is simply obtained 
by substracting the sum of the adaptor direct capaci- 
tances, measured with the adaptor connectors coupled 
together. This technique avoids errors due to inequal- 
ities of connector fringe capacitances, occuring in 
conventional methods based on open-circuit termina- 
tions. 

The capacitance of a precision 50 © line of 10 cm 
length with 14 mm connectors at both ends was meas- 
ured, using several pairs of adaptors in the measuring 


circuit. The value obtained was 6.6683 + 0.0005 pF. 


6. Some Remarks Concerning the Measure- 
ment of Small Capacitances With Two- 
Terminal Bridges 


Most two-terminal bridges require an initial balance 
(or “zero adjustment’) which is commonly performed 
with open terminals. As long as the measured capaci- 
tance value is relatively large or the accuracy required 
is low, the effect of the fringe capacitance of the bridge 
terminals is usually neglected, and the “initial balance 





capacitance” is conventionally taken as zero. In 
precision measurements of. low-value capacitances, 
however, this effect can be important and the initial 
balance must be related to a precisely known capaci- 
tance value. The most simple possibilities are to use 
for the initial balance either an open-circuit termination 
or a standard low-value tw6-terminal capacitor. 

As previously mentioned, fringe capacitance values 
of precision coaxial connectors vary within relatively 
wide limits (table 2). However, the capacitance of a 
standard coaxial capacitor is quite stable and free of 
connector errors. In other words, the capacitance 
added to the measuring circuit by an open-circuit 
termination depends upon the connector; even for 
the same type of connector, a spread of +0.01 pF may 
occur from one individual connector to another, while 
the capacitance added to the measuring circuit by a 
coaxial capacitor is practically independent of the 
bridge terminal connector. Consequently, it is better 
technique to use a small value standard capacitor for 
the initial balance of a two-terminal bridge (or, in 
general, a two-terminal capacitance measuring instru- 
ment) than an open-circuit termination. 

For example, consider the case of a two-terminal 
bridge with a 14 mm precision connector. If a 1 pF 
standard capacitor is used, the initial balance can be 
performed in a simple way, with an accuracy of typically 
+0.001 pF or better. If an open-circuit termination 
were used instead, (a) the initial balance would cor- 
respond to a fractional capacitance value (equal to 
the fringe capacitance of the bridge terminal connector) 
and (b) this value would be variable from one bridge to 
another, typically between 0.16 pF and 0.17 pF. 

When two-terminal capacitances are measured by a 
substitution method, connecting to the bridge the 
capacitor to be measured and then a standard capacitor 
of the same nominal value, the bridge serves only for 
determining the small difference between the two 
capacitance values. In this case there is no need for an 
additional initial bridge balance. 


7. Conclusions 


The “connector-pair” technique described offers a 
relatively simple way to increase the accuracy of two- 
terminal low-value capacitance measurements up to 
the limits imposed by the connectors themselves. The 
main application of this technique is in calibration of 
coaxial impedance standards. However, capacitance 
being one of the electrical quantities measurable with 
the highest accuracy, other applications are also possi- 
ble, in the field of high frequency measurements, 
transducers, etc. 


The author acknowledges the helpful suggestions of 
R. N. Jones, Circuit Standards Section, National 
Bureau of Standards, Boulder. 
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The dew-point temperature has a number of desirable features as a means of expressing humidity. 
The Antoine Equation, log e,»=A—B(T+C)-', where ey is the partial pressure and T is the tempera- 
ture of saturated aqueous vapor, represents the Goff-Gratch formulation quite well over the range of 
temperature from 0 to 140 °F. The pressure ew, in inches of mercury, is obtained by taking the constants 
A=6.70282, B=3150.515 (°F)-! and C=391.0 °F, calculated from values given by Dreisbach. It is 
shown that the dew-point DP is related to the relative humidity RH by the relation: 


(DP +C)-'=(T+C)-'+B- log (RH)-'- 
Lines of nearly constant positive slope represent constant relative humidity values on graphs of dew- 


point against temperature. The value of the slope decreases from unity for RH = 100 percent to about 
0.76 for RH = 10 percent, corresponding to the linear equation 


DP = [1+-0.1471 log (RH)-']-2(T—70) + DPz where DP79= [2169 + 319 log (RH)-']-! x 10®—39). 

Psychrometric charts showing dew-point and dry-bulb temperature as coordinates with lines repre- 
senting constant relative humidity and constant wet-bulb temperature (obtained from the Ferrel Equa- 
tion) are extremely useful, since given values for any two of these four variables serve to locate a point, 


from which the values of the other two variables can be read directly. 


Key words: Antoine Equation; dew point; humidity; hygrometry; psychrometric chart; relative hu- 


midity; vapor pressure of water; wet-bulb temperature. 


1. Introduction 


In calculations of the humidity of air containing 
moisture, the dew-point temperature has a number of 
desirable features as a means of expressing the ab- 
solute humidity. In many instances in which the 
temperature of the air is changed the dew point re- 
mains relatively constant. One illustration of this is 
the rise of temperature when cold outdoor air in winter 
is heated and brought indoors without humidification. 
The dew point remains relatively constant also dur- 
ing the normal daily rise and fall of temperature of 
outdoor air. In fact, the usual morning weather reports 
could provide a number which would be much less 
subject to change during the day if the value of dew 
point were to be reported in place of the relative 
humidity. 

The present paper stresses the advantages of using 
dew point in expressing humidity, derives some ap- 
plicable equations, and presents illustrative charts 
and tables to facilitate the operation. 

The results given here should be useful for engi- 
neering purposes of measurement and control of 
humidity in the range above about 5 percent relative 


humidity at pressures near a normal atmosphere, where 
the requirements for precision at temperatures 
between 0 and 140 °F, do not exceed about 0.5 percent 
in relative humidity or a few tenths of a degree F in 
temperature. These requirements are intermediate 
between the approximate values sometimes used in 
rough calculations based on readings with hair hy- 
grometers or similar instruments and the more precise 
values required in research in hygrometry. 

The temperature range was chosen to include the 
complete range of uncontrolled variation of atmos- 
pheric temperature. When a reference temperature 
near normal room temperature is required, a value of 
70 °F has been chosen, to be at the midpoint of the 
range. 


2. Definitions and Tabulations of Values 


The present paper makes use of the definitions 
adopted by the Conference of Directors, International 
Meteorological Organization, meeting in Washington 
in 1947, with the revised definition of relative humidity 
adopted by the International Joint Committee on Psy- 
chrometric Data, meeting in Philadelphia in 1950. 
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These are presented in detail in the Smithsonian 
Meteorological Tables, Sixth Edition 1951 [1].' The 
same definitions are accepted by the American Society 
of Heating, Refrigeration, and Air Conditioning Engi- 
neers (ASHRAE) and published in the ASHRAE Guide 
and Data Book [2]. 

An extensive study of the thermodynamic proper- 
ties of moist air completed in 1945 and 1946 by Goff 
and Gratch [3, 4, 5] led to formulation of tables of 
consistent numerical values. These values have been 
accepted and promulgated by both the Directors of 
the International Meteorological Organization and the 
ASHRAE. They have been published in several 
handbooks [1, 2, 6]. 

The numerical values of vapor pressure used in the 
present work are those shown in Table 95 of the Smith- 
sonian Meteorological Tables [1], which gives values 
of aqueous saturation vapor pressure at intervals of 
0.1 °F at the standard atmospheric pressure of 29.921 
inches of mercury (760.00 mm of mercury, 101,325 
N m~!), 

Relative humidity RH is defined as the ratio of the 
mol-fraction of water vapor in a given volume of moist 
air to the mol-fraction of water vapor in the same vol- 
ume of saturated moist air at the same temperature 
and pressure. For the ideal gas mixtures assumed 
here, this definition is equivalent to defining relative 
humidity as the ratio of the partial pressure e of water 
vapor in moist air to the partial saturation pressure of 
water vapor e, at the temperature of the air [2]. The 
partial pressure of saturated water vapor is affected 
only slightly by the presence or absence of air [1]. At 
atmospheric pressure near room temperature the dif- 
ference is of the order of 0.5 percent, and will be 
neglected in the present work. 

Dew-point temperature is defined as the temperature 
at which the partial vapor pressure of water in moist 


air would be sufficient to saturate the air. In other 
words, the partial vapor pressure at the given tempera- 
ture is equal to the partial saturation vapor pressure 
at the dew-point temperature. 


3. Dew-Point and Relative Humidity 


Let us consider first only three variables, limiting 
ourselves to standard atmospheric pressure and post- 
poning for the present all discussion of wet-bulb tem- 
peratures. The variables are (dry-bulb) temperature, 
relative humidity, and dew point. In a search of the 
literature I could find no tables showing explicitly 
the dew point as a function of temperature and rela- 
tive humidity, although small graphs with temperature 
in Celsius degrees have been given in the German 
literature [7]. Consequently table 1 has been drawn 
up in order to show the dew point for different tem- 
peratures at 10° intervals from 0 to 140 °F and for 
relative humidities at 10 percent intervals from 10 to 
100 percent. Values of the saturation vapor pressure 
of water are shown in the second column of the table. 
They are taken from the Goff-Gratch formulation, as 
presented in the Smithsonian Meteorological Tables 
[1]. The units of pressure are inches of mercury, each 
equivalent to 3386.389 N/m?. 

Table 1 was prepared by calculating the vapor pres- 
sure as the product of the saturation vapor pressure 
€» and the relative humidity RH. The dew point was 
then read to the nearest 0.1° from the Tables as the 
temperature at which this value of vapor pressure is 
equal to the saturation vapor pressure. 


4. Antoine Equation for Vapor Pressure 


Of the many empirical forms of equations for the 
pressure of the saturated vapor of a liquid [8] the one 
proposed by Antoine for water [9, 10] and later ex- 









































' Figures in brackets indicate the literature references at the end of this paper. tended to other liquids {l 1] possesses a number of ad- 
TABLE 1. Saturated aqueous vapor pressure and dew point (°F) 
= T ———_———_—_—_——__———_—S=—_—=———— arr — 
| 
T Cu 10% | 20% 30% 40% 50% 60% 70% | 80% 90% 100% 
secmeieletied n> weet etd 
F in Hg 

0 | 0.04477 | —44.2 | —31.6 | —24.1 | —18.6| —14.2| —10.6 —15 4.7 2.2 0.0 

; 10 07080 | —35.8 | —23.1 | —15.3 | —9.5 —49 1). —{.) + 2.2 +5.1 +7.7| +10.0 
20 | .10960 | —27.9 | —14.6 —6.5 —0.4 + 4.4 + 8.4 11.8 14.8 7.9 20.0 

30 .16631 | —20.1 5.2 +2.3 + 8.6 13.6 17.8 21.4 24.6 27.4 30.0 

40 | .24767 | —12.2 +22 11.1 17.6 22.9 27.3 31.0 34.3 37.3 40.0 

50 36240 —4.4 10.5 19.8 26.7 32.1 36.7 40.6 44.1 47.2 50.0 

60 | .52160 + 3.3 18.8 28.5 35.6 41.3 46.1 50.2 53.8 57.1 60.0 

70 | = .73916 11.0 27.1 37.2 44.6 50.5 55.5 59.8 63.6 66.9 70.0 

80 1.0323 18.6 35.4 45.8 53.5 59.7 64.9 69.3 73.3 76.8 80.0 

90 | 1.4219 26.2 13.6 54.4 62.4 68.9 74.2 78.9 83.0 86.7 90.0 

100 | 1.9334 33.7 51.8 63.0 71.3 78.0 83.6 88.4 92.7 96.5 100.0 
110 | 2.5968 41.2 59.9 71.5 80.2 87.1 92.9 98.0 102.4 106.4 110.0 
120 | 3.4477 48.7 68.0 80.1 89.0 96.2 102.3 107.5 112.1 116.2 120.0 
130 | 4.5274 56.1 76.0 88.5 97.8 105.3 111.6 117.0 121.8 126.1 130.0 
140 5.8842 63.4 84.0 97.0 106.6 114.4 120.9 126.5 131.5 135.9 140.0 
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vantages [12]. Consequently it has been extensively 
used in recent years. It may be written 


log eg =A—B(T+C)-! (1) 


where e, is the partial pressure and 7 the temperature 
of the saturated vapor, while 4, B, and C are empirical 
constants. 

When e, is expressed in millimeters of mercury and 
T in degrees Celsius, the constants for water between 
0 and 60 °C have been evaluated by Dreisbach [13a, 
13b] as 


4 = 8.10765, 
B= 1750.286, (deg C)-! and 
C= 235.0 deg C. 


When e, is expressed in inches of mercury and T in 
degrees Fahrenheit the constants for water between 
32 and 140 °C may be calculated from those just given. 
This calculation gives: 


4A = 6.70282, 
B=3150.515, (deg F)-! and 
C= 391.0 deg F. 


With these constants the Antoine Equation yields 
values of vapor pressure which, for our purposes, are 
in completely adequate agreement with those given 
in the Goff-Gratch tabulation [1, 2, 6]. The differences 
are less than about 0.00040 in of mercury for tempera- 
tures in the range 40 to 120 °F and less than about 
0.00100 in of mercury in the ranges 0 to 40 °F and 120 
to 140 °F. 

If differences of this magnitude are not to be toler- 
ated recourse must be had to equations of much greater 
complexity containing many more constants [1]. 
Computer programs have been developed to deal with 
this situation | 14). 


5. Dew Point and Relative Humidity 


Since the dew point temperature DP and the relative 
humidity RH are defined in terms of vapor pressures, 
an equation involving them may be easily derived from 
eq (1). The vapor pressure at temperature T is (RH )ew 
and is equal to the saturation vapor pressure at the 
dew point temperature DP. Thus by applying eq (1) at 
the dew point temperature we obtain 


log (RH)e~=A—B(DP+C)~. (2) 
Subtracting eq (2) from eq (1) we have: 
log (RH) -'=B[(DP+C)-'—(T+C)-'] 
(DP+C)-'=(T+C)-'+B"' log (RH)“'. (3) 
This form of equation suggests a plot of (DP+C)~'! 
against (T+C)~-'. When C is again taken as 391.0 °F. 
the lines obtained for constant relative humidity are 


straight and have unit slope, as predicted. From the 
intercepts a value of B~-' may be obtained. 





In the present work, however, a nongraphical method 
has been employed to obtain B-' with greater sensi- 
tivity. This involved calculating the difference of 
(DP +C)-! and (T+C)-! from the values of dew point 
as a function of temperature as given in table 1. The 
constant C was taken as 391.0 °F, as before. The aver- 
age value of this difference for all temperatures from 
0 to 140 °F for a given relative humidity was divided 
by log (RH)~! to obtain B-!. 

No significant trends could be noted in this difference 
as a function of temperature or in the values of B~! as 
a function of relative humidity. The mean value of 
B-' obtained in this way was 318.6 x 10-® (deg F)"!. 
The reciprocal of the value of B in the Antoine Equa- 
tion as given above by Dreisbach [13], is 317.4 x 10-6 
(deg F)-'. The agreement between these two inde- 
pendent values is highly satisfactory. In the remainder 
of this paper we shall take the value of B-! as 319 x 10°* 
(°F)-'. Both the graph of eq (3) and the constancy of 
the individual values of B-' confirm the validity of 
the equation in representing experimental values of 
dew point. 

According to the present results, the values of the 
constants as given by Dreisbach for the range 32 to 
140 °F appear to be valid also for the saturated vapor 
pressure of subcooled water in the range 0 to 32 °F. 

When the dew point for a given relative humidity 
is plotted as a function of temperature it is found that 
the data can be represented by a family of almost 
linear curves. Figure 1 shows such a plot, where the 
points represent the data of table 1. The lines shown 
are straight lines with slopes decreasing from unity 


at RH = 100% to about 0.76 at RH = 10%. 
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FIGURE 1. Dew point DP as a function of temperature T at different 


values of relative humidity RH. 
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Numerical values of the slope may be calculated 
from an equation obtained by differentiation of eq (3). 
This is: 

d(DP)/dT=[(1+B"'(T+C) log (RH)-']-%. (4) 


When the numerical values just obtained for the con- 
stants B-! and C are inserted it is found that the slope 
for the curve corresponding to 90 percent relative 
humidity should be about 0.986 at 70 °F. The slope is 
about 0.2 percent greater than this at 0 °F and about 0.2 
percent less than this at 140 °F. The predicted slope 
of the curve corresponding to 10 percent relative 
humidity should be about 0.76 at 70 °F. It should be 
about 4 percent greater than this at 0 °F and about 
4 percent less than this at 140 °F. 

In view of this close approach to linearity of DP as 
a function of T at constant RH it is sometimes con- 
venient to express the relation between dew point 
and temperature in strictly linear form involving DP), 
the dew point at some reference temperature 7», and 
a constant slope equal to the slope at 7». 


DP=(1+ B-\T,)+C) log (RH)-']-?[T—To]+DP. (Sa) 
where 
DP,=([(T)+C) 1+ B- log (RH) '}-"—C. (5b) 


For work near room temperature it is convenient 
to take the reference temperature 7)>=70 °F. With 
the constants C=391.0 °F and B-!'=319 x 10-® (deg 


F)-! these equations become: 


DP =[(1+0.1471 log (RH)-']-?[T—70]+DPz — (6a) 
where 
DP7)= [2169 + 319 log (RH)-']-! x 10®°—391. — (6b) 


It should be recognized that this equation, in ex- 
plicit form to yield the dew point, is an approximation. 
Equation (3) on the other hand depends only on the 
validity of the Antoine form and the proper evaluation 
of its constants B and C. However, calculation of values 
by eq (6) over the range of temperatures and humidities 
shown in table 1 leads to the conclusion that the dif- 
ferences are not significant for the degree of precision 
contemplated in the present work. The largest differ- 
ences are found at the highest and lowest temperatures, 
as would be expected, and at the lowest humidities. 
At 0 and 140 °F for 10 percent relative humidity the 
approximation yields values of dew point about 1 to 
2° higher than eq (3). This difference falls to about 
0.5° at 40 percent humidity and is still less at higher 
humidities. Even at 10 percent relative humidity it 
is no greater than 0.6° for temperatures from 30 to 
130 °F. 

The straight lines in figure 1 were drawn, not to 
conform necessarily to the points, but rather to repre- 
sent the dew point as a function of temperature as 
predicted by eq (6). It can be seen that the lines do 
conform very well to the points and that the differ- 
ences are approximately those just mentioned. 

When the linear approximation is not made, the 
values predicted by eq (3) differ by only a few tenths 
of a degree from those given in table 1 and thus deviate 
only imperceptibly from the experimental points 
shown in figure 1. 





6. Wet-Bulb Temperature Isotherms 


The lowering of temperature of a thermometer sur- 
rounded by a wick from which water is evaporating is 
often used to measure humidity [15]. There are numer- 
ous possibilities for error and uncertainty, but the 
method gives useful results when the proper precau- 
tions are taken. 

Humidity is calculated from readings of wet-bulb 
temperature by the use of the Ferrel Equation [1, 15, 
16, 17] 


er= mee — 367 x 10-*[ 1 + 0.00064(7" — 32) |p(T—T") 
(7) 


where er is the partial pressure of water vapor at the 
dry-bulb temperature 7, e.7 is the partial pressure of 
saturated water vapor at the wet-bulb temperature 7” 
and p is the total pressure. The quantity er calculated 
by this equation is divided by e~r, the saturation vapor 
pressure at temperature 7 to obtain the relative hu- 
modity RH. From this, the dew point may be calcu- 
lated by the methods given in the preceding sections 
of this paper. The total atmospheric pressure p appears 
in the Ferrel Equation, and due regard must be paid 
to variations in it, in calculations of humidity by this 
method. As in the preceding sections, the value here 
will be assumed to be the standard atmosphere of 
29.921 in of mercury. 

On a chart with dew point as ordinate and dry bulb 
temperature as abscissa one can show a family of 
curves corresponding to constant wet-bulb tempera- 
ture. In figure 2 these curves have been drawn at 10° 
intervals. The values shown are those calculated from 
eq (7) in the manner just described. It will be noted 
that the slopes are always negative and that their 
absolute value increases with increase of dry-bulb 
temperature or with decrease of wet-bulb temperature. 
Several of the constant humidity lines of figure 1 are 
also shown in figure 2. 

Dew point values as calculated from the Ferrel 
Equation to the nearest degree only, are tabulated 
directly as a function of wet- and dry-bulb temperatures 
in tables issued by the Weather Bureau [17]. Although 
the results are based on saturated vapor pressure 
values antedating those of Goff and Gratch [3, 4, 5], the 
dew points tabulated agree, to the nearest degree, with 
those calculated in the manner just described for the 
range studied in the present work. 


7. Psychrometric Charts 


A psychrometric chart with dew point as ordinate 
and temperature as abscissa, like figure 1, is very use- 
ful in humidity calculations. If wet-bulb temperatures 
are required, it can show superposed, as in figure 2, 
both the family of curves for constant wet-bulb tem- 
perature with negative slopes and the family of lines 
of positive slope representing constant relative 
humidity. 
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FIGURE 2. Dew point DP as a function of temperature T at different 
values of wet-bulb temperature T’. 
The lines for relative humidities of 10 percent, 50 percent, and 100 percent from figure 1 
are shown for comparison 
The rectangular box shows the range of values covered in figure 3. 


The psychrometric charts usually available in the 
handbooks and other references [2, 6] are similar to 
these but show as ordinate the partial vapor pressure 
or the absolute humidity in mass per unit volume of 
dry air or the humidity ratio (also called mixing ratio) 
in mass per unit mass of dry air, rather than the dew 
point. In all these charts the graphs representing con- 
stant relative humidities are curves of constantly in- 
creasing slope, rather than the linear graphs shown in 
figures 1 and 2. Consequently, the calculation of the 
points, the drawing of the curves, and the visual inter- 
polation are all considerably more difficult. However, 
the curves representing constant wet-bulb tempera- 
ture are usually linear in contrast with those in figure 2. 

As a measure of humidity the use of the dew point 
has another advantage over that of vapor pressure or 
mass per unit volume, since the conversion from British 
units to metric units involves only a change from tem- 
peratures in degrees Fahrenheit to temperatures in 
degrees Celsius. For example, figure 1 requires only a 
relabeling of the two coordinates in degrees Celsius 
to conform to the metric system; figures 2 and 3 re- 
quire, in addition, only the conversion of the wet-bulb 
temperatures to degrees Celsius. 

Our psychrometric chart shows four variables— dry 
bulb temperature and dew point as coordinates with 
relative humidity and wet-bulb temperature as lines. 
Given values for any two of the variables serve to de- 
fine a point on the chart, from which the values of the 
other two variables may be read directly. Such a chart 
is simpler and easier to use than various nomograms 
which are available for humidity calculations [16]. 


In practical problems of humidity measurement 
and control the ranges of interest are usually much 
smaller than those shown in figures 1 and 2. Under 
such circumstances it is very convenient to use eqs (6) 
and (7) as a basis for drawing a grid consisting of lines 
of constant relative humidity and constant wet-bulb 
temperature on a psychrometric chart. 

A typical example is shown in figure 3, which has 
been applied to the measurement and control of the 
humidity and temperature of the air surrounding a 
carbon arc. The relative humidity lines are drawn at 
intervals of 2 percent and the wet-bulb temperature 
curves at intervals of 1 °F on graph paper measuring 
250 x 180 mm. Visual estimation of tenths of the 
intervals between curves makes possible interpolation 
of values to 0.2 percent relative humidity and 0.1 °F 
wet-bulb temperature. Each millimeter on the scales 
for coordinates represents tenths of degrees for dew 
point and dry bulb temperature. 

In one application of the chart it was desired to 
find the wet-bulb temperature corresponding to 30 
percent relative humidity at 117 °F. The chart showed 
the dew point to be 77.5 °F, and the corresponding 
wet-bulb temperature was then estimated as 87.0 °F 
by visual interpolation along a line through the dew 
point approximately normal to the two nearest wet- 
bulb isotherms. 

In another typical application the wet-bulb tempera- 
ture was observed to be 84.5 °F at a temperature of 
110 °F. The dew point was then read from the chart 
as 76.0 °F and the relative humidity as 35.0 percent. 

On another occasion it was desired to know how 
high the relative humidity could be at 115 °F without 
having condensation when the air was cooled to room 
temperature 77 °F. This was read from the chart as 
31.4 percent, together with the corresponding. wet- 
bulb temperature of 86.3 °F. 

Finally, a fourth problem involved determining the 
temperature to which one must heat air with a dew 
point of 70 °F in order to reduce its relative humidity 
to 30 percent. The value was read to be 108.5 °F, with 
a corresponding wet-bulb temperature of 80.7 °F. 

In all four problems the values of the desired 
qunatities were found by locating a single point 
on the chart, and the whole operation was completed 
in a much shorter time than when alternative methods 
were used. 


8. Summary and Conclusions 


The Antoine Equation has been shown to represent 
with good accuracy the values of the saturated vapor 
pressure of water over the range 0 to 140 °F, as formu- 
lated by Goff and Gratch and promulgated by meteoro- 
logical and air-conditioning organizations. The dew 
point DP is related to the temperature T and relative 
humidity RH by the following equation: 


(DP +C)-'=(T+C)-!+B-' log (RH) -! 


where B~' and C, constants in the Antoine Equation, 
have the values 319 X 10-® (°F)-! and 391 (°F) respec- 
tively. The dew point DP may also be calculated with 
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FIGURE 3. 


Typical psychrometric chart of deu 


The range of values « 
Lines of positive slope 


Lines of negative slope correspond to 


satisfactory accuracy from the linear equation 
DP =[1+0.1471 log (RH) ~-']-2(T—70) + DP zo 


where 
DP z= (2169+ 319 log (RH)~-']~! x 106-391. 


It is convenient and useful to plot the dew point of 
moist air as a function of the temperature of the air. 
Points corresponding to constant relative humidity are 
well represented by lines of constant positive slope 
with the value of the slope decreasing from unity at 
100 percent relative humidity to about 0.76 at 10 per- 
cent relative humidity. On the same chart showing dew 
point as ordinate and temperature as abscissa, points 
corresponding to constant wet-bulb temperature ap- 
pear on lines of variable negative slope. The absolute 
value of this slope increases with increase of (dry-bulb) 
temperature and with decrease of wet-bulb tempera- 
ture. Psychrometric charts showing dry-bulb temper- 
ature and dew point as coordinates with relative 
humidity and wet-bulb temperature as lines are ex- 
tremely useful in humidity calculations, since given 
values for any two of these four variables serve to 
locate a point, from which the values of the other 
two variables can be read directly. 
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The bolometric voltage and current (BOLOVAC) standard for frequencies to 18 GHz and higher, 
recently developed at the National Bureau of Standards (NBS), can also be used to measure power, 
offering the following advantages over a number of other methods in use today: 

(1) It eliminates: 

(a) the uncertainty resulting from neglecting termination mismatch 

(b) measurement of reflection coefficients and computations using complex equations 
(c) “Limits-of-error” charts, thus rendering definitive results 

(d) use of impedance charts 

(e) de or af calibrations of power meters 

(f) need of corrections such as “effective efficiency” and “calibration factor.” 

(2) It covers a wide frequency range (0.5 MHz to 18 GHz or wider) 

(3) It should result in substantial reduction of calibration time in many instances 

(4) It can be applied to calibrate feed-through power measurement methods for power levels 
ranging into kilowatts. 

In measuring power. the Bolovac (1) measures the voltage across a known resistance component 

of a given load, or (2) measures the voltage in any plane of a coaxial line of known characteristic imped- 
ance and known voltage distribution along the line, or (3) absorbs the rf power as any other absorption- 
type power mount does. In the first two cases resistance and voltage distribution measurements may 
be made separately or these measurements may be combined with the power measurement procedure. 
In the third case the rf power is absorbed in a special disk-type bolometric detector of the Bolovac 
and is equal to the de- (or af) bias-power substituted in that detector; this bias power is measured with 
conventional power substitution bridges. Any appreciable unaccounted for power losses occur outside 
he Bolovac and can be determined employing conventional techniques as well as the Bolovac itself. 
The Bolovac needs no rf calibration. A Bolovac may have a power range of 20 dB or higher, depending 
on accuracy desired, and a maximum power approaching its safe power dissipation, e.g., 0.5 W or higher. 
This paper is limited to the application of the Bolovac to power measurements only and presents 
analytical and practical aspects of this application. 


Key Words: Bolometric power standards; Bolovac power measurements; calibration of power meters; 
RF and microwave power measurements; standard of power through 18 GHz. 


1. Introduction ization either as a feed-through or absorption type 


with apparent advantages over some of the widely 





The bolometric voltage and current (BOLOVAC) 
standard [1]! was developed originally to furnish 
accurate hf and microwave voltages and currents. It 
was the first successful attempt to extend the direct 
measurement of these quantities well into the micro- 
wave range [18 GHz or higher]. This device turns out 
to be as useful for power measurement and standard- 


' Figures in brackets indicate the literature references at the end of this paper 
*Electromagnetics Division, National Bureau of Standards, Boulder, Colorado 80302 


used methods at present. 

In measuring power, the Bolovac (1) measures the 
voltage across a known resistive component of a given 
load, or (2) measures the voltage in any plane of a 
coaxial line of known characteristic impedance and 
known voltage distribution along the line, or (3) ab- 
sorbs the rf power as any other absorption-type power 
mount does. In the first two cases resistance and volt- 
age distribution measurements may be made sepa- 
rately or these measurements may be combined with 
the power measurement procedure. In the third case 
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the rf power is absorbed in a special disk-type bolo- 
metric detector of the Bolovac and is equal to the de- 
(or af) bias-power substituted in that detector; this bias 
power is measure with conventional power substitu- 
tion bridges. Any appreciable unaccounted for power 
losses occur outside the Bolovac and can be deter- 
mined employing conventional techniques as well as 
the Bolovac itself. Perhaps the major contribution of 
the Bolovac is in that it resolves the difficulty intro- 
duced by the most serious source of uncertainty in 
power measurement, namely, the mismatch error 
[2, 3]. Directional couplers accomplish the same pur- 
pose but do so over a relatively narrow range of fre- 
quency for individual couplers. In addition, the direc- 
tivity, the coupling factor and the side-arm power 
meters of each coupler must be calibrated. On the 
other hand, as will be seen below, the application of 
the Bolovac inherently eliminates the mismatch uncer- 
tainty, has a wide frequency range (e.g., 0.5 MHz to 
18 GHz), and needs no rf calibration. 

The application of known rf voltages to power meas- 
urements introduces a number of other advantages, 
namely, the elimination of: 

(1) measurement of power-meter correction factors, 
e.g., effective efficiency and calibration factor, 

(2) measurement of source and load complex re- 
flection coefficients, 

(3) computation involving complex formulas con- 
taining these reflection coefficients, 

(4) using “‘limits-of-error’” charts as an alternative 
to measuring phase angles of reflection coefficients 
and 

(5) complex computations or the application of im- 
pedance charts in measuring load impedances. 

Basically the Bolovac measures voltages at all the 
frequencies mentioned and makes the above advan- 
tages possible. A brief description of the Bolovac is 
given later in the text. However, because the advan- 
tages of its application are listed at the outset in this 
introduction, it seems appropriate to list also its present 
limitations. 

The relative difficulties and disadvantages en- 
countered to date at the National Bureau of Standards 
(NBS) in the construction and application of the Bolo- 
vac are briefly as follows. 

(1) The voltage sensor of the Bolovac is a split bolo- 
metric thin-film disk. Such disks do not seem avail- 
able commercially. The NBS so far has succeeded in 
developing a fabrication technique for disk values up 
to about 10 2; 50-0 films were produced, but are not 
yet successfully assembled. These 50-0 disks are 
particularly desirable. 

(2) Impedance measurements are needed to deter- 
mine the resistive components of the loads connected 
to the Bolovac (this is not needed when the Bolovac is 
used as an absorption-type power meter). However, 
the text below shows that these impedance measure- 
ments do not involve phase measurements and do not 
require complex computations, or the use of complex 
impedance charts. 

(3) Attention must as usual be given to such common 
difficulties as reproducibility and losses of connectors, 





stub tuners or slotted lines; the Bolovac, however, 
may be employed to determine such losses. 

(4) As in all other cases of bolometric measurements, 
the application of the Bolovac requires a resistance 
bridge and a precalibrated dc- or af-biasing power 
source. The use of thermoelectric or photoemissive 
sensors [1], 4] will still require de calibration, so that, 
these applications are essentially equivalent to dc- 
power substitution calorimetry. 

Considering the above advantages and limitations, 
the application of the Bolovac holds promise for radical 
improvements in coaxial power measurements. 

This paper deals with the application of the Bolovac 
to power measurements. Additional papers are planned 
to deal in detail with its other applications. 

The ultimate objective in measuring rf or microwave 
power is to determine the net power flow from a given 
source to a given load with maximum possible ac- 
curacy. When the load is an intermediary tool, (e.g., 
an uncalibrated power meter of any kind), toward that 
ultimate objective, the operation may be referred to 
as “calibration.” Fairly sophisticated calibration 
techniques are used at the NBS. These require 

(1) high-qualtiy, relatively expensive, calorimetric, 
substitution or other standards, 

(2) considerable space, 

(3) personnel with proper technical qualifications, 

(4) intercomparisons between independent and 
quasi-independent methods, and 

(5) considerable time [3]. 


A basic difference between these methods and the 
one employing the Bolovac, is that none of the present 
methods measures rf voltages at frequencies above 
about 10 MHz. Another basic difference is that the 
Bolovac, when used as a power absorption device, has 
no de-for-rf power substitution error and has essentially 
all of the net rf power flowing to the Bolovac absorbed 
in its bolometric disk; thus only de or af reference 
standards are needed to calibrate a power bridge em- 
ploying a Bolovac as a mount. The major advantage in 
measuring power with the Bolovac, is the prospect of 
its application in facilites one or more calibration 
echelons removed from the NBS with little or no loss 
in the accuracy available at NBS. Two factors seem to 
make this possible: 

(1) the previously mentioned elimination of complex 
reflection-coefficient measurements including asso- 
ciated relatively complex computations and 

(2) elimination of accuracy degradation between 
calibration echelons. 

Because the greatest uncertainties are introduced by 
the reflection coefficients (referred to as “mismatch 
errors”) and because their elimination has been a 
major goal in past efforts to improve power measure- 
ments, these errors are discussed below at some length. 

Calibration and measurement steps commonly used 
at present. The NBS calibrates at present two figures 
of merit for coaxial absorption type meters, namely: 





j Ci Pin 
Ne = effective efficiency = ing Be 


n 


124 


— 


PN EET 








> 
ind 


P = Ne | — IP m|?) 





K.= calibration factor = 


(2) 


where 


Pina= dial reading of the power meter which in many 
cases is the de or af power substituted for rf 
power in the bolometers of a bolometric type 
meter. 

P,,=net power absorbed by the meter 

=incident power, ;P, minus reflected power, ,P. 

=complex reflection coefficient of the power 

meter. 


Uncertainties of about +1 to 2 percent for y. and 
K.. [3, 7] are quoted by the NBS at frequencies to 18 
GHz. Similar calibration terms are measured for feed- 
through type meters with the same uncertainties for 
frequencies to 4 GHz and +2 to 3 percent for higher 
frequencies. 

If a load with reflection coefficient, I’,, is substituted 
in a laboratory outside the NBS for a calibrated power 
meter having a reflection coefficient, I},, connected 
to a generator with reflection coefficient, I’,, the rela- 
tionship between the net power absorbed by the 
standard meter, ?), and that absorbed by the load, 


P,, is [2, 3, 8]. 
P\= “ina | 1- |? [- ra) 
1 nN 1— il." 11 —T, IF, |? 


Here Pi,q is the indicated power on the calibrated 
meter with effective efficiency, »., and reflection co- 
efhicient I";,. Of course the load, itself, can be another 
power meter. 

Two special cases are of particular interest: 

(a) when the load matches the characteristic imped- 
ance, Zo, of the line, [;=0, then the net power ab- 
sorbed by the load, designated for this case as Po, is 
given by 








(3a) 
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(b) When the load is a conjugate match of the gen- 
erator impedance, I,=If, then the net power, desig- 
nated for this case as P,, is given by 


l 
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Examination of eqs (3) shows that both the magnitude 
and phase of the |; have a great effect on the accuracy 
of power measurements. It is not uncommon to have 
| values as high as 0.2 to 0.5 (corresponding to 
VSWR, S, of 1.5 to 3) in the frequency range to 18 
GHz. Their phases may vary from zero to + 180°. It is 
relatively simple to measure the magnitude |I’| (or 
S) of a load but more troublesome to measure its phase 
angle. It is even more difficult to measure the magni- 
tude and phase of [,y, particularly when it must be 
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made under operating conditions of the generator. The 
present common practice is to measure only the 
magnitudes of the I}, to assume their phases to be 
zero, and to use eqs (3). The latter assumption intro- 
duces a serious uncertainty, sometimes referred to 
as “termination uncertainty.” For example, when 
\',| = 0.2 and |I,| = 0.3, the effect of neglecting their 
phases will introduce an error in P,, that could be as 
high as 25 percent. Values of these worst-case uncer- 
tainties for various combinations of |I;| and |Iy| are 
given in various published charts and monographs; 
however, these values can not be used to correct a 
given value of P,. Only measured phase angles of the 
I’, could make this possiblc. Unfortunately such meas- 
urements are seldom, if ever, made [3], particularly in 
measurement facilities outside the NBS and other top 
level laboratories. The logical conclusion is to use 
power-measurement methods that do not require the 
measurement of the phases of I’. The Bolovac provides 
such a method. Moreover, the procedures available 
with the Bolovac make it possible to incorporate the 
measurement of the absolute magnitude of I; into a 
routine, relatively simple step of the power measure- 
ment procedure and, in addition, eliminate the need of 
measuring I", altogether. This will be discussed further. 
The degradation of accuracy as standard power 
meters are calibrated in a series of echelons starting 
with a top standardization laboratory and ending with 
the field of operation is also of major concern. A de- 
gradation of 2, 3, or 4 to 1 in accuracy is generally 
prescribed between echelons [8, 10]. Thus, for example, 
an uncertainty of 1 percent in the indication of a meter 
calibrated at the NBS may inflate into an uncertainty 
of 27 percent by the time it reaches the operational 
field through 3 intermediary calibration echelons [10], 
each having a degradation of 3:1. Use of the Bolovac 
(which does not require rf calibration) could eliminate 
this degradation of accuracy. 
2. Basic Principles. Physical and Electrical 
Characteristics of the Bolovac 


The Bolovac may be looked upon as an rf voltmeter 
measuring voltages in an orthogonal plane, (i.e., the 
only plane where voltages are defined) of a coaxial 
line operating in a TEM mode [1]. Transmission 
(including slotted) lines throughout this text are as- 
sumed to have negligible losses unless specified 
otherwise. Figure 1 shows the basic elements of the 
Bolovac connected through a transmission line to an 
rf source. These elements are (1) a bolometric thin-film 
disk orthogonally located in a coaxial assembly, (2) 
bias feed-through type terminals to connect this disk 
to a resistance bridge, (3) bias blocking capacitors 
built into the feed-through terminals, and (4) “input” 
and “output” connectors. The disk consists of a thin 
resistive annular film and electrodes connecting the 
film to the coaxial conductors. Te prevent shorting the 
bias power, the outer conductor and the film of the 
disk are split along a diameter. The rf voltage, Vx, 
appearing across the thin film is determined con- 





ventionally by the bridge measuring the reduction of 
biasing power dissipated in the bolometric thin-film 
disk located in that plane. The two halves of the disk 
are connected in series for de and in parallel for rf. 
The rf resistance of the disk is equal to its de resistance 
at all frequencies in question to 0.001 percent or better 
[1]. Thus, if the de resistance of the disk is 200 0 per 
side, its rf resistance is 50 Q. Providing there is 
sufficient rf signal to permit adequate bridge balancing, 
correct voltages are measured regardless of the imped- 
ance presented to the disk by the generator and the 
load. In its use the Bolovac disk is located within 
0.001 to 0.002 in of the input plane of a device under 
test. 
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FiGURE 1. Schematic diagram of Bolovac connected between input 


and output coaxial transmission lines. 


The application of the Bolovac, as a voltage measur- 
ing device, to power measurement may be described 
as follows. Figure 2 shows a schematic presentation of 
a power meter or load M having its input at plane m. 
The equivalent lumped circuit admittance, Y,, to the 
right into plane m is shown as an equivalent resistance 
R, shunted by a reactance X,. The net power absorbed 
by the load is 





where V, is the voltage measured by the Bolovac at 
plane m. If the line is lossless, the same Vz can be 
measured at any other plane ndA/2(n=integer) 
away from plane m, e.g., plane A. 

The value of R, may be measured in various ways, 
e.g., with a slotted line of negligible loss as shown in 
figure 3, in which case it is given by 


ET ee aes 
=p Zo(h ml J max)? = SZo( y wal F nan * (5) 
min 
where 
Z. =characteristic impedance of the slotted line 
Ss i } ee min . 
V,» =the voltage at plane m or at a plane in the 
slotted line nA/2 away from plane m 
V min = is the voltage minimum in the line 


/ max = is the voltage maximum in the line 


The uncertainties in measuring R, and P,, including 
the effect of slotted-line losses, are discussed below 
under error analysis. 

Equation (5) derived in appendix A shows that the 
computation of R, does not involve complex values nor 
the aid of the Smith or other impedance charts. The 
accuracy of R, depends on the accuracy of Z» and 
of two rf voltage ratios. The state-of-the-art of imped- 
ance and rf voltage-ratio measurements permits rela- 
tively high accuracies [7]. 

When the Bolovac is used with an equal arm bridge 
(see appendix B), the value of the voltage appearing 
across R,, is 


V»=0.25(V2—V2) "2 (6a) 


where V,.. and V,= de-bias bridge voltages without and 
with rf respectively. 


Appendix B gives other forms of eq (6). 
Once R,, is known, the load is connected directly to 
the Bolovac and, combining eqs (4), (5), and (6a), 












































P,=V2/R,, (4) the net power flow into the load is given in terms of 
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FIGURE 2 


Bolovac connected to a power meter or load, M, directly (at plane m) or through a lossless line (at plane A). 
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Z, de voltages, and ratios of rf voltages by 
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FIGURE 3. Calibration of power meter with Bolovac and slotted line. 


Since a lossless line is assumed, a simpler computa- 
tion may be used in one step, i.e., leaving the slotted- 
line between the Bolovac and the meter. In this case 


, F nie of 1, 
P,= (1 A nm SZo (8) 


ad 
B/ 


where V;,= the voltage in plane A’, fig. 3, nA/2 away 
from the Bolovac disk, assumed to be equal to Vx. 

The Bolovac, its connector and the slotted lines are 
constructed to have the cross section of the line be- 
tween A and 4’ uniform. 

Again, V’;, in eq (8) may be replaced by its equivalent 
in (6a) when an equal arm bridge is used with the 
Bolovac. 

Thus, the Bolovac permits the measurement of the 
net power absorbed by the meter under calibration 
without the necessity of measuring “substitution” 
power, complex reflection coefficients, ne, and Ke. 

If for any reason, e.g., to check manufacturers’ 
specifications it is desired to find the incident power, 
Ne, and K,, eqs (1) and (2) may be used, recalling that 


P, P, 
;P= = . (9) 


a 1 {8—l¥ 
Ital 1= (554) 


Because indicated or substituted bias power of the 
meter under test is not needed for its calibration by 
the Bolovac, one may dispose of the de or af calibration 
of the power meter. However, this presently required 
calibration may be desirable for secondary purposes, 
e.g., for uniformity in production and repair of the 
indicating or “instrument” part of power meters with- 
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out the bolometer mounts. The instruments are then 
interchangeable with the same mount. When the meter 
is calibrated in terms of substituted bias power, eg (1) 
may be used to find 1. 

It may be of interest to note that eq (8) can be used 
to determine the rf voltage in a given plane of a co- 
axial system in terms of known power absorbed by a 
load. For example, a calibrated power meter (or a 
Bolovac used as a power meter) placed as a termination 
of a feed-through type sampling oscilloscope yields the 
net power flow past the input plane to the oscilloscope. 
The voltage in this plane is Vs. The ratios S and 
V max/V are measured in a slotted line terminated by 
the above sampling oscilloscope-Bolovac combination. 
However, one must keep in mind several sources of 
possible errors, namely, (1) discontinuities in the 
slotted line between the input plane and the plane in 
the slotted line Where V’;, is located, (2) losses between 
the V;, plane and the power meter and (3) the correc- 
tion factor, if any, of the power meter. 

Direct application of the Bolovac as a source of 
voltage eliminates these errors and reduces the meas- 
urement time from hours to minutes per frequency. 


3. Applications 


3.1. Measuring Net Power Flow in a Transmission Line 
With a Bolovac 


In practice one is generally interested in measuring 
the power flow in a transmission line under one of the 
three following impedance matching conditions: 

(1) Maximum power available from a source (when 
a conjugate match exists along the line). This power 
will be designated as P,. 

(2) Power flow when there are no standing waves 
in the line, (i.e., when the source looks into a load 
having an impedance equal to the characteristic 
impedance of the line). This power will be designated 
as Po. 

(3) Net power flow, P», under any matching condi- 
tions including the above. 

Measurement of P. and Po is usually of interest 
when one wishes to evaluate the power-delivery 
capabilities of a source. Measurement of P,, is generally 
desired when one wishes to know the net power 
absorbed by the load. The latter, as indicated above, 
may be a power meter under calibration. 

To determine P, or Po of an “unknown” source with 
the Bolovac, any power meter in series with a slotted 
line and a stub tuner is first used as a load. The input 
end of the slotted line is connected to the source, and 
the stub tuner is connected at the output end of the 
line. To measure P, the stub is adjusted for maximum 
indication of the power meter. To measure Po, the stub 
tuner is adjusted for flat voltage distribution along the 
line. In either case the source is replaced by a Bolovac. 
The level of Vg is adjusted to reproduce the respective 
meter reading. The value of Vg, S and V/Vmay are 


measured and eq (7), or equivalent, yields the value of 
Ee or Po. 
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A relatively simple procedure is suggested in ap- 
pendix C to accomplish the Zo-match adjustment of 
the stub without resorting to the hitherto employed 
“hit or miss” time-consuming and tedious procedure. 
The price to pay for this relief is the employment of 
three temporary probes in the slotted line as described 
in the appendix and illustrated in figure 4. 

3.2. Monitoring Net-Power Flow in a Transmission Line 

The net power, P,, may be computed using (7), 
provided (1) one voltage, Vy, is measured with the 
Bolovac at any plane in the line and (2) the ratios S 
and Vmax/Vx are measured. There are several ways to 
obtain lV’, and the above ratios. For example: 

(1) A slotted line section with a probe precalibrated 
with a Bolovac [5] may be permanently installed in the 
system. A multiple probe (MP) line-section, discussed 
later may be used instead. 

(2) A Bolovac plus the slotted or MP line section 
may be permanently installed in the system. This 
eliminates the need of probe calibration. However, it 
is desirable to have a Bolovac with a value of R > Z, 
to reduce the loading effect of the Bolovac to a mini- 
mum. The availability on the market of high-resistance 
thin thermistor films seems to make this feasible. 

3.3. Application of the Bolovac as a Load or as an 
Absorption Type Power Meter 


The Bolovac may be used as an absorption-type 
power meter as illustrated in figure 5. For this purpose 
the Bolovac is turned end for end, so that its normally 
“output” side (fig 1) becomes its input side facing the 
generator end. A single sliding short is connected to 
the other (normally input) side of the Bolovac and is 
set for antiresonance at the specific frequency at which 
the measurement is made. It can be shown [11], 12, 13] 
that the antiresonant input impedance of a good quality 
50-Q 7 mm coaxial sliding short will be of the order of 
10,000 © or higher at frequencies to 18 GHz. The input 


impedance of the Bolovac is then essentially one-fourth 
the equivalent de resistance of the disk at any fre- 
quency under consideration here, for values of R, 
of 50 © or lower. 
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FIGURE 5. Application of the Bolovac as an absorption-type power 


meter. 


Since 7 for the Bolovac is unity, the net absorbed 
power is given by 
P,= V2 | = V?/Re = Pa (sub) ( 10) 
where P,,. (sub)= de power substituted in the Bolovac 
and Rg= equivalent disk rf resistance shunted by the 
admittance of the sliding short. One may connect the 
Bolovac in series with a three-stub tuner to a source, 
adjust the tuner for maximum Vz and find P,. To find 
P.. the losses in the tuner are added to P,,. For the case 
of Rg=Z» one achieves a zero reflection-coefhcient 
power meter for the antiresonant frequencies of the 
sliding short. Moreover such a Bolovac with the sliding 
short constitutes a Z»-termination over its entire fre- 
quency range to an accuracy limited by structural 
perfection of the disk. With other Rg values the Bolo- 
vac makes available a standard mismatch which does 
not require rf calibration. 
The antiresonant settings of the sliding short can 
be predetermined for a number of frequencies in 
order to obviate the necessity of making the adjust- 
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ment each time the frequency is changed. Several 
such shorts will cover a wide frequency range. The 
mechanical setting of the short is not critical because 
the antiresonant impedance curve is relatively flat 
around its maximum. A procedure to determine an 
antiresonant position is to first find two adjacent re- 
sonant positions at which Vg is minimum. The anti- 
resonant position of the short is then located half- 
way between the two resonant positions. Once cali- 
brated, the set of the sliding short is ready for use with 
any Bolovac at any time. 

A power meter may be calibrated by substitution 
of a Bolovac operating in the power-absorption mode as 
illustrated in figure 5. This method seems particu- 
larly attractive because of its relative simplicity and 
because it does not need a slotted line. The procedure 
is as follows. The power meter is connected to a stable 
source in series with a three-stub tuner. The latter is 
adjusted for conjugate match, i.e., for maximum indi- 
cation of the power meter. The meter is then replaced 
by the Bolovac and the stub tuner readjusted for maxi- 
mum V, of the Bolovac. Since the maximum avail- 
able power, P., from the source is generally constant, 
the indicated meter power is equal to P,, (sub). Be- 
cause the input S value of the Bolovac might be quite 
different from that of the meter the tuner losses will 
not be the same and generally a small correction can 
be introduced for the difference. 

It should be pointed out that the sliding short is not 
necessary for the measurement of P,, with the Bolovac 
used as an absorption power meter. However, in this 
case the input resistive component, Rz, of the Bolovac 
(without the sliding short) has to be measured and 
computed with eq (5). P, is then given by eq (4) sub- 
stituting Ry for Rp. 


3.4. Application of the Bolovac for Feed-Through Power 
Measurement 


It was pointed out above that the major source of 
uncertainty in present-day absorption (as opposed to 
feed-through) type power measurements is the mis- 
match error introduced by the terminal reflection 
coefhicients in the transmission line. One method of 
eliminating this difficulty is to use directional couplers. 
Because the Bolovac, like directional couplers, elimi- 
nates the need of measuring I, and J), its potential 
application for feed-through power measurement is 
briefly discussed here. It is assumed that the reader is 
familiar with directional couplers and will be in a 
position to assess the relative applicational merits of 
the couplers vis-a-vis the Bolovac. 

A high resistance Bolovac, e.g., one with a disk 
resistance for example, 100 times Zo, permanently 
placed in a transmission line, will continuously measure 
the voltage in a certain plane of the line. A probe in a 
slotted section of this line will furnish the voltage ratios 
required in eqs (7) and (8) to compute the net, incident, 
or reflected power flow in the line. With additional 
electronic instrumentation it may be possible to read 
these power components directly. Multiple-probe line 
sections may be used instead of slotted sections for 


fixed frequencies or limited frequency ranges. Applica- 
tion of MP lines for power and impedance measure- 
ments have been treated analytically in the past [14, 
15, 16, 17, 18] and need not be discussed here. 
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FIGURE 6. 


NBS-built multiple-probe (MP) line (right) and com- 
mercial slotted line are shown. 


Commercial probes are used with both lines. Some of the self-supporting and end sup- 
ported center conductors and connecting pins for the MP line are in the foreground. 


Figure 6 shows an experimental NBS MP section in 
comparison with a commercial slotted line; the latter, 
though more expensive, has a range of 2 to 18 GHz as 
compared to two fixed frequencies (5 and 10 GHz) use- 
able with the MP line with equal accuracy. The fre- 
quency limitation of an MP line is a result of the 
requirement that the fixed probes be an eighth of a 
wavelength apart. Figure 7 shows the equivalent sche- 
matic diagram of an MP line and appendix D gives 
equations of immediate interest in its application. An 
MP line may be built with a number of probe holes 
located so that the above spacing is attainable at sev- 
eral harmonic frequencies, such as 1, 2, 4, 8 and 3, 6 
and 12 GHz. Thus approximately the same number of 








a a 
| 
| 
| 1/8 44/8 
! sanismallitenndl 
V,! 
Vs| ; 
sa na/2 ——_= | | 
eM d —— 
: | ; | 
Ype - Yu Y, —o} 
! | 
a B' B 
FIGURE 7. Three-probe MP line for impedance and power 


measurements. 


129 








calibration frequencies commonly furnished at present 
for commercial power meters may be obtained with 
one MP line. 

While high-resistance disks are not yet available, 
low-resistance Bolovacs can be used in connection 
with feed-through power measurements in two ways: 

(1) One way is to calibrate existing directional cou- 
plers and their associated side-arm power meters with 
the Bolovac. The power meters may be calibrated inde- 
pendently first with the Bolovac using the procedures 
described above. Coupling ratios may next be deter- 
mined in a conventional manner employing one of the 
calibrated power meters to read the main-line net 
power and another meter to read the side arm net power. 
Bolovacs may, of course be used instead of power 
meters to measure these two powers. 

(2) A second way is to calibrate a probe-type “‘volt- 
meter” in a slotted line or an MP line in terms of line 
voltage as a function of frequency. The procedure 
recommended in reference [5], can be used, where the 
known voltage is furnished by the Bolovac. The sinu- 
soidal voltage distribution in a shorted slotted line 
section is used in that procedure to calibrate a “‘volt- 
meter.” P,, is then computed from the readings of this 
probe-voltmeter. The dynamic linearity of this probe 
type voltmeter may also be checked versus the sinu- 
soidal voltage distribution in the line. Coupling factors 
between P,, in the slotted line and the probe voltmeter 
of the order of 30 to 40 dB were obtained at the Na- 
tional Bureau of Standards at frequencies of 4 to 12 
GHz with a normal probe penetration (of about 25% of 
interconductor spacing). The dynamic range depends 
on the range of the power meter used with the probe. 
Commercial meters are available with ranges of a 
microwatt to 100 mW or a range of 50 dB. This range 
may be further increased by employing attenuator 
pads in series with the probe power meter. An over- 
lapping calibration range, with and without the pad, 
will assure range continuity. Thus voltage magnitudes 
and their ratios may be made available enabling the 
measurement of kilowatts of feed-through power during 
operation. 


4. Error Analysis, Dynamic Range, 
Results 


The error analysis of reference [1] shows that the 
total limit of uncertainty in the Bolovac voltages is 
+0.1 percent at frequencies to 18 GHz. This uncer- 
tainty may be realized in any laboratory with a prop- 
erly constructed Bolovac:and associated bridge. As 
stated before, the Bolovac with its bridge needs no 
rf calibration. It is assumed that de (or audio) voltage 
measuring capabilities required to measure bridge 
biasing voltages V) and V; for eq (7) with high accuracy 
are available, in which case the rf power absorbed by 
the Bolobac is as accurate as P,, (sub). 

In some applications of the Bolovac for power meas- 
urements additional sources of uncertainty are those 
contributed by (1) the slotted lines or MP lines needed 





to determine the resistive components of the load 
or of the rf-power-absorbing system and (2) the losses 
in auxiliary components such as the slotted lines, 
stub tuners, and connectors which are not a part of 
the specified load. 

The limits of uncertainty in measuring resistive 
components of loads at the NBS are given in the 
references [7, 19]. For frequencies up to 18 GHz 
with 7 mm 50-2 slotted line techniques and precision 
LPC-7 connectors the uncertainties are 


AS = 1.002 + 0.002£(GHz). (11) 


For mated configuration of latest improved type-N 
connectors these are 


AS = 1.004+ 0.004£(GHz). (12) 


The uncertainties at lower echelon laboratories 
may be found in reference [19]. These depend on 
many factors including the quality of the facilities 
and competence of personnel. For S values of 1.2 
or less at frequencies to 8 GHz the uncertainty in 
R, may be 1 percent or less. At 18 GHz it may be 
as high as 3 percent. For higher S values the uncer- 
tainty does not increase appreciably. 

Power losses in stubs, slotted lines and connectors 
are of the order of 1 to 5 percent at frequencies to 18 
GHz and can be determined with an uncertainty 
of 1 to 5 percent [7, 20]. 

As said before, component losses can be measured 
with the Bolovac or a precalibrated power meter. For 
example, the net power flow in a system may be 
measured with the Bolovac and the loss is given 
by the power drop of the power meter when the com- 
ponent is inserted between the slotted line and the 
meter. Or when the bolovac is used as an absorption 
power meter the maximum available (conjugately 
matched) power from a stable source is measured 
before and after the lossy component is inserted 
in the system. Allowances must be made for the 
effect of the magnitude of S on the losses of com- 
ponents, particularly of stub tuners. For this purpose 
two absorption-type Bolovacs having widely different 
values of R,; may be used with the same source of 
P.. 

The disk is the heart of the Bolovac. Though a num- 
ber of commercial firms are making thin-film disk 
resistors, the NBS was to date not successful in 
locating a supplier of the needed disks having a 
sufficiently high temperature-coefficient of resistivity, 
and had to develop its own disks. A separate paper is 
planned to describe the in-house fabrication of the 
disks. Briefly the characteristics of those realized to 
date are as follows: 


Film material— platinum, gold and carbon 
Electrodes —gold in most cases 
Dimensions —as required for 500, 7 mm coaxial line 
Resistance of —0.2 to 10 2 (0.4 to 20 © per side) gold 
disk 
units, a couple of 25-2 platinum units, 
and a number of 50-0 carbon units 
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Substrate —glass, quartz, or 2-mil high-tempera- 


ture plastic 


Power dissipation (continuous) in the assembly — 

0.25 to 0.5 W. The maximum power dissipation is 

several times higher; however, the long-term resist- 

ance drift is greater as the power dissipation is in- 
creased. This drift does not interfere with the appli- 
cation of the Bolovac. 

Incremental resistance (bolometric) — 
approximately | to 5 2 per watt 

Dynamic range of individual disks— 
approximately 10:1 in voltage (20 dB) for precisions 
of the order of 1 to 2 percent. Precision increases 
rapidly as the range is kept narrower. The voltage 
at the low end is limited by the bridge stability and 
ratio of rf power to total bias power. At the high end 
it is limited by the ratio of the fractional bias power 
required to restore balance. 

Maximum accuracy with an equal arm bridge is 
realized when the rf power is 2/3 of the total power 
dissipated in the disk [21]. 

The range of power obtained so far in a 50-0 system 
is approximately 200 microwatts to half a watt at first- 
order agreements with calorimetrically calibrated 
power meters of 0.5 to 5 percent at frequencies of 
10 MHz to 18 GHz respectively. Efforts to optimize 
structural details, particularly of the disks, were 
limited, Voltages of 25 mV at 1 percent uncertainty ” 
and of 300 mV at 0.1 percent were measured at 10 
MHz with? Bolovacs using two thermistors instead of 
the usual disk. Experimental evidence indicates that 
one can measure 0.1 V with low resistance (0.1 to 0.2) 
disks with the same uncertainty. The advantages here 
are that the disks can be used to 18 GHz as against 
1 GHz for the thermistors. Also the disks are much 
superior mechanically. 

It can be shown that the effect of the antiresonant 
impedance of good sliding shorts shunting Bolovac 
disks of resistance values below 100 2 is negligible. 
Since higher resistance Bolovacs will hardly be con- 
sidered for use as absorption power meters, there is 
no need dwelling on this effect. 

One may wind up the discussion of the error analy- 
sis by pointing out the major sources of uncertainties 
in associated equipment. These are residual VSWR of 
slotted and MP lines, and the limited reproducibility 


caused by connector contacts and variations in their 


discontinuities. As frequencies increase, this problem 
is aggravated. The next largest source is the instability 
of rf source outputs when relatively long-time intervals 
(1 to 3 min) are required to transfer an amplitude value 
from the Bolovac to a source like an rf micropotentiom- 
eter, particularly when accuracies better than 0.5 per- 
cent are needed. In the latter case it may be best to 
reduce the time element by coaxial switching. 

There are numerous commercial bridges presently 
used with bolometric power mounts. These can be 


* The uncertainty consists of a limit of systematic errors of 0.5 percent and a one-sigma- 
value of 0.5 percent for random errors 
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used or adapted for use with Bolovacs. A high-precision 
miniaturized bridge recently developed at the NBS 
may be of interest for this purpose. [22] 


5. Conclusion 

The application of the Bolovac to standardize power 
meters and to measure power transmitted in TEM 
coaxial lines introduces a superior technique for all 
echelons of calibration and measurement. One of its 
major advantages is the elimination of the error con- 
tributed by impedance mismatch at the source and 
load ends of the transmission line. The work at the 
NBS so far was limited to 7 mm—50-2 coaxial lines 
and frequencies to 18 GHz. Mechanical precision of 
14 mm—50-(2 Bolovac disks (for frequencies to 9 GHz) 
should be higher than that of the 7 mm units. On the 
other hand 3.5 mm disks (for frequencies to 36 GHz) 
will probably be inferior by comparison. However, the 
application of the Bolovac to 36 GHz appears feasible 
and desirable. One must not lose sight of the fact that 
the same Bolovac makes it possible to apply known 
voltages for experimental and practical treatment of 
problems other than power measurement at micro- 
wave frequencies [4, 5, 6]. For example, the Bolovac 
was recently used to measure deflection amplitude 
versus frequency of an oscilloscope to 18 GHz for the 
first time in terms of voltage directly, instead of in- 
directly in terms of the time consuming and laborious 
method of measuring power and impedance. 


Appreciation is hereby expressed to C. M. Allred 
and C. C. Cook for a constructive review of the paper, 
to P. E. Werner for his efforts in disk fabrication de- 
velopment, and to W. J. Blank and R. P. Chariton for 
performing countless painstaking observations and 
measurements. 


6. Appendix A. Net Power Flow in a Trans- 
mission Line is (VijaxVmin)/Zo (ref. 11, p. 564) 


Net power flow through plane m, figure 3, is then 








P. = Vin = V nas in = Via = me ( Vin V an s) 
R, Zo SZo = SZo Vin 
» 2 Pee Vin \* 
= /2, —— | —max ° ae m - 
Vin SZo ( Vin ae Ry SZe (>) (9) 
where 


V»=rf voltage in plane m 
Vinax= Voltage maximum in a lossless coaxial line 
feeding power to the load M. 
R,=reciprocal of the equivalent conductance of 
the load M at plane m. 








7. Appendix B. Rf Voltage Measured by 
Bolovac 


In case of an equal-arm bridge the biasing power 
dissipated in the bolometer arm is 


Po = (34 0)7/Rm 
where 


Vo =initial biasing voltage applied to the bridge at 
balance 
R»= bias resistance of the Bolovac. 


When rf is applied to the bolometer arm and the 
biasing voltage is reduced to rebalance the bridge 


P, = (3V, )?/Rm 
where P, = biasing power after rf is applied. 


The rf power dissipated in the bolometer arm is 


] : ! 
(Po— Pi) = Pa = qp- (F *—V2)=V2/Re. 


Let Rr, and Rv be the resistance of the two halves 
of the disk respectively and let 


oa oe 
Rr 4 


4Vz,=4(V5—V3) 


Vg = Vg =0.25 (V2 — V3)". (6a) 

One may read voltages directly across the Bolovac 
instead of across the bridge (employing a relatively 
high input-resistance dc voltmeter, e.g., a presently 
available four or five digit voltmeter). In this case for 
any bridge, let 


Vo = bias voltage drop across the Bolovac without rf 


V»; = bias voltage drop across the Bolovac with rf 
Al Bo = } BO — I Bl 





l 
Pur = Pro ac Px, _ R,, [2} poAb imal (Al po)? | 
and fora = 1, Py = ee 


Ver = $[2V poAV go — (Al po)? |! *. (6b) 


For relatively large values of Vgo/AV go, (say 5000:1), 


Veg = 4(2V poAV 0)? (to 0.01%). 


Fora >1,Ry= eae (Rm) (6c) 


a 


and 





1/2 
V4 = ———_ [2V poAV go — (AV g0)?]! . (6d) 
(1+ a) 
or for large V po/ Al BO 
1/2 
} rf - ° (2V poAV go)". (6e) 
(1+ a) 


8. Appendix C. Method of Adjusting the 
Uniformity of the Voltage Distribution in a 
Slotted Line for a Z)-Match 


1. The three probes (fig. 4) are located in succes- 
sion at any one plane of the line. The gain of each 
associated VSWR(s) indicator is set to read the same 
as the others. 

2. The three probes are then placed in the line 
spaced within a distance preferably of A/4. In case of 
physical space limitations one or two of the probes may 
be moved a distance A/2 from its originally intended 
position. 

3. The stub tuner is adjusted for maximum output 
indication of the power meter, i.e., for a conjugate 
match. This procedure is useful because the generator 
impedances are reasonably close to Zo and thus a 
roughly approximate match is obtained. 

4. The readings of the three S indicators are then 

equalized by readjusting the stubs. In our experience 
it has been found very helpful to watch the power 
meter indication as the stubs were readjusted for the 
Z, match in order to prevent abrupt large changes in 
its reading. 
The procedure suggested above was performed at 
the National Bureau of Standards by inexperienced 
personnel in a small fraction of the time required by a 
single-probe procedure. 


9. Appendix D. Measurement of Power With 
a Multiple-Probe Line 


Referring to figure 7 [18] 





Vre™ Gog + Bn=R—— im (13) 
P,=ViGwg (14) 
FZ aK TH) |? 8 
By pad (1+ 5-F) (16) 
Cu =H F [1- (FE Pte) | (17) 
Bu=Z = 3% (144-7) (8 





where 


V, is the voltage in the plane of the probe next to the 
generator. When the Bolovac is used as shown in 
figure 3, V,=Vz. 


V,, and V, are the voltages in the planes of the other 
two probes respectively. 


The pg subscripts identify impedance and admittance 
components in the plane of the probe closest to the 
source. 


The pL subscripts identify impedance and admittance 
components in the plane of the probe closest to the 


load M. 


The above impedance equations are written in terms 
of voltage ratios to emphasize that only voltage ratio 
measurements are needed and are obtainable with 
greater accuracy than absolute voltages. The distance 
B'—B, figure 7, may be made equal to an integral 
number of half wavelengths to render G,,; equal to 
that at any chosen input plane of the load, M. The 
power absorbed by the load must of course be com- 
puted in terms of a known voltage and input conduct- 


ance in one and the same plane, e.g., in plane A’, 
figure 7. 
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Allan, D. W:, Guetrot, A., Higbie, L. S., Lavanceau, J. D., An 
application of statistical smoothing techniques on VLF 
signals for comparison of time between USNO and NBS, 
Proc. 23d Frequency Control Symp., Atlantic City, N.J., May 6-8, 
1969, p. 248 (1969), 


Key words: Effect of mass on frequency; flicker noise; NBS; noise 
correlation; NSS; optimum filter; phase noise; radio propagation; 
time comparison; USNO; VLF propagation; WWVL. 


Recent developments have provided a method for obtaining sub- 
microsecond time comparisons over continental distances. The 
method was applied to a time comparison between the master clocks 
at the United © ites Naval Observatory (USNO) and at the National 
Bureau of Stanaards (NBS) in Boulder, Colorado. 


There were the following developments. First, if two signals show a 
reasonable degree of correlation in their fluctuations, then one may 
derive an optimum linear combination of the two with a mean square 
error less than for either signal individually. The two signals studied 
were the transmissions on 21.4 kHz from NSS in Annapolis, 
Maryland, and on 20.0 kHz from WWVL in Fort Collins, Colorado. 
It is necessary that receivers be located for both signals at the loca- 
tions of the controling clocks. Existence of positive correlation was 
shown. The positive cross correlation probably was. due to the near 
reciprocal path and the very close transmission frequencies. 


Second, the phase fluctuations due to the propagation medium were 
consistent with a spectral density of the random phase noise pro- 
portional to |f|~!, commonly called flicker of phase noise. This per- 
sisted for Fourier frequencies from one cycle per day down to one 
cycle per several weeks. The fluctuations on the linear combination 
of the two signals still behaved as flicker of phase noise but at a 
lower level. 


The phase or time fluctuations of the master clocks however followed 
a spectral density law proportional to |f|~*, flicker of frequency 
noise, for frequencies lower than one cycle per day. 


Third, an optimum linear filter (Wiener filter) giving the minimum 
mean square error estimate (MMSEE) of the signal has been deter- 
mined for a random walk of phase signal (spectral density propor- 
tional to |f|~*) imbedded in white noise (spectral density proportional 
to |f|°). The same filter was shown to be still optimum for spectral 
densities proportional to |f|~* for the signal and |f|-! for the noise. 


Application of the above filter to the appropriate linear combination, 
defined through correlation properties, of NSS and WWVL signals 
showed an improvement of 15 dB in the rms day-to-day phase fluctu- 
ations. The day-to-day rms time deviations were about 70 ns on the 
final results. The output estimate of the filter, compared with 
portable clock measurements, gave a disparity of the order of the 
final output noise. 


The experiment provided an opportunity to determine if there is an 
effect of mass on frequency and within the uncertainties of the 
experiment a null result was obtained. 


Alvarez, R., Paulsen, P. J., Kelleher, D. E., Simultaneous deter- 
mination of trace elements in platinum by isotope dilution 
and spark source mass spectrometry, Anal. Chem. 41, No. 7, 
955-958 (June 1969). 


Key words: Cation-exchange; electrodeposition; high-purity metal 
analysis; multi-element; spark source mass spectrometry; stable 
isotope dilution; trace determinations. 


An isotope dilution technique using the spark source mass spectro- 
graph was investigated for applicability to simultaneous, multi- 
element trace determinations. Isotopically altered Ag, Cu, Ni, 
Pb and Pd were separated from a 250-mg sample of platinum by 
cation exchange, and electrodeposited onto gold electrodes for 
sparking in the spectrograph. Electrodeposition provided the 
spiked analytes in an adherent form, relatively free of anions and 
organic residue from the ion exchange resin, both of which could 
complicate the spectrum. Contamination, the principal limitation of 
the method, was minimized by isothermally distilling the reagent 
acids and by isolating the operations from the laboratory environ- 
ment. After determining the isotope ratios, the concentrations were 
computed, ranging from 0.5 ppm (ug/g) for Ni to 14 ppm for Pb. 
Improved precision and accuracy was obtained compared to con- 
ventional spark source analysis. The results were compared with 
those of other methods and the platinum material was issued by 
NBS as Standard Reference Material 681. 


Bates, R. G., Measurement of pH, Handbook of Biochemistry, 


H. A. Sober, ed., pp. J190—J194 (Chemical Rubber Company, Cleve- 
land, Ohio, 1967). 


Key words: Acidity; glass electrode; indicators; pH; standardization. 


The operational definition of pH, in the form endorsed by the 
International Union of Pure and Applied Chemistry, is presented. 
The preparation of standard reference solutions for pH measure- 
ments is described and the choice of electrodes and measurement 
techniques is discussed. The proper interpretation of pH nu.wbers is 
set forth briefly, and procedures for pH measurement wiih indi- 
cators are described. 


The revised version includes the addition of two new primary pH 
standards to tables 1 and 3, coefficients for calculating the tem- 
perature dependence of pH in table 2, and a collection of pH values 
for miscellaneous buffer solutions. 


Beatty, R. W., Coaxial power, impedance and attenuation 
calibration at the National Bureau of Standards, Microwave 
J. 11, No. 5, 65-75 (May 1968). 


Key words: Attenuation; calibration; coaxial; impedance; micro- 
wave; power; standards. 


NBS calibration methods are described for coaxial power, imped- 
ance, and attenuation at microwave frequencies. Present and future 
NBS capabilities in these areas are discussed. An indication is given 
of the state of the art, how NBS arrives at its quoted limits of error, 
and how it develops confidence in its reference standards. Details 
of some measurement procedures are given and a list of references 
is given for those who wish more information. 
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Birmingham, B. W., Flynn, T. W., Cryogenics in United States 
National Programs, Cryogenics 9, No. 1, 3-10 (Feb. 1969). 


Key words: Agriculture; compressed gases: conservation: cryo- 
genics; education; health; national goals; space; transportation. 


The object is to discuss a segment of the compressed gas industry, 
namely the cryogenic industry, and its relation to selected national 
programs, such as space, health, agriculture, transportation, con- 
servation, and education. 


Bullis, W. M., Measurement methods for the semiconductor 
device industry —a summary of NBS activity, Vat. Bur. Stand. 
(U.S.), Tech. Note 511, 24 pages (Dec. 1969), 30 cents, SD Catalog 
Vo. C13.46: 511. 


Key words: Carrier lifetime; germanium; lithium-drifted gamma-ray 
detectors; resistivity; resistivity inhomogeneities; second break- 
down: silicon. 


Work at NBS which led to the development of a broad program on 
Methods of Measurement for Semiconductor Materials, Process 
Control, and Devices is described. Initial work was concentrated on 
resistivity of silicon wafers and second breakdown in transistors. In 
the first case, the basis for a significant improvement in the method 
for measuring resistivity of silicon wafers was established, and in the 
second, concepts were developed which formed the basis of a new 
type of specification for operating conditions free from second 
breakdown. Work was extended to include other projects, including 
studies of germanium for gamma-ray detectors, carrier lifetime, and 
resistivity inhomogeneities which are still in progress. Formation 
of the broad program in response to increased interest in improved 
measurement methods is described. 


Bullis, W. M., Editor, Methods of measurement for semi- 
conductor materials, process control, and devices, Quarter!) 
Report April 1 to June 30, 1969, Nat. Bur. Stand. (U.S.), Tech. Note 
195, 45 pages (Sept. 1969), 50 cents. 


Key words: Carrier lifetime: die attachment; electrical properties; 
gamma detectors; germanium; gold-doped silicon; indium anti- 
monide: metallization: methods of measurement; microelectronics; 
nuclear radiation detectors: resistivity: semiconductor devices: 
semiconductor materials; semiconductor process control; silicon; 
thermal resistance; thermographic measurements: wire bonds. 


This quarterly progress report, fourth of a series, describes NBS 
activities directed toward the development of methods of meas- 
urement for semiconductor materials, process control, and devices. 
Principal emphasis is placed on measurement of resistivity, carrier 
lifetime, and electrical inhomogeneities in semiconductor crystals: 
evaluation of wire bonds; and measurement of thermal properties of 
semiconductor devices. Other tasks involve study of infrared meas- 
urement methods, deep-lying impurities in InSb, gold in silicon, 
and high field effects; establishment of a processing facility; evalua- 
tion of aluminum metallization and wafer die attachment; review of 
NASA measurement methods; and measurement of Hall effect in 
semiconductor crystals, second breakdown in transistors, and noise 
in microwave diodes. Related projects on silicon nuclear radiation 
detectors and specification of germanium are also described. Sup- 
plementary data concerning staff, committee activities, technical 
services, and publications are included as appendixes. 


Bullis, W. M.. Thurber, W. R.. Pyke, T. N., Jr., Ulmer, F. H., Koenig, 
\. L.. Use of a time-shared computer system to control a 
Hall effect experiment, \Vat.. Bur. Stand. (U.S.), Tech. Note 
910, 46 pages (Oct. 1969), 50 cents. 


Key words: Computer-controlled experiment; data acquisition 
system: digital scanner: experiment-computer interface; Hall 
effect; system control module; teletypewriter interface: time- 
shared computer. 


An experimental time-shared computer system has been used to 
control and collect data from a Hall effect experiment. In addition 
to selection of the voltage sequence and control of specimen current 
and magnetic flux directions, the computer exerts positive control 
over the specimen temperature in accordance with a series of thermo- 





couple voltages entered by the operator at the beginning of the 
run. The interface circuitry is constructed from four general purpose 
modules and a single special purpose unit. Details of the interface 
system and the programs used to control the experiment and to 
perform intermediate calculations are given. It was found that 
the time-shared system was well-suited to control an experiment of 
this type. The demands on the computer were essentially similar 
to those required by a human user interacting in a conversational 
mode. Substantial savings in time over manual data collection and 
reduction were realized: a temperature run with 38 to 40 data points 
between 10 and 320 K could be completed in less than 4 hours. 


Carpenter, B. S., Cheek, C. H., Trace determination of uranium 
in biological material by fission track counting, Anal. Chem. 


42. No. 1, 121-123 Jan. 1970) 


Key words: Activation analysis; biological material; fission track; 
microanalysis; nuclear track; uranium. 


The nuclear track technique for determining micro quantities of 
uranium in material, which consists of counting fission tarcks 
produced in solid-state detectors as a result of neutron irradiation, 
is employed to determine trace quantities of uranium in such 
biological materials as mammalian blood and plasma and oak 
leaves. Dry-ashed samples of the material are dissolved in dilute 
acid and make up to standard volumes. Aliquots of these solutions 
are placed on Lexan polycarbonate detectors, evaporated to dryness, 
and enclosed in a polyethylene bag. After irradiation in a thermal 
neutron flux, the bag is removed and the Lexan detectors are etched 
in a sodium hydroxide solution. The amount of uranium present in 
the biological matrices is determined by counting the etched fission 
tracts with an optical microscope and comparing the results with 
those obtained for simultaneously irradiated reference standards 
containing known amounts of uranium. Average results obtained 
from thermal neutron irradiations for the blood plasma samples 
were 86.1 ppb and 60.5 ppb. respectively, while the values for oak 
leaves ranged from 1.62 to 15.2 ppm. 


Colwell, J. H., The performance of a mechanical heat switch 
at low temperatures, Rev. Sci. Instr. 40, No. 9, 1182-1186 (Sept. 
1969). 


Key words: *He cryostat: low temperature; low temperature calo- 
rimetry:; mechanical heat switch; pressed contacts; thermal conduct- 
ance of contacts. 


4 mechanical heat switch used in calorimetry experiments down to 
0.3 K is described and its performance analyzed in sufficient detail 
to be useful for design purposes. The thermal conductance of the 
indium-copper switch contacts was determined as a function of 
applied force and temperature over the range 0.3 to 2 K. These re- 
sults are compared with other conductance measurements to 
evaluate choices of materials for heat switch contacts. 


Crawford, M. L., A new RF-DC substitution calorimeter with 
automatically controlled reference power, /EEE Trans. Instr. 
Veas. IM-17, No. 4, 378-384 (Dec. 1968). 


Key words: Coaxial dry-load calorimeter; feed-back control; radio- 
frequency power. 


A new dual-dry-load calorimeter, incorporating automatically con- 
trolled reference de input power, has been developed at the National 
Bureau of Standards. The calorimeter will be used as a reference 
standard at frequencies up to 4.0 GHz in the power range, 10 mW 
to 1 W. The maximum measurement uncertainty is 0.26 percent at 
frequencies below 1 GHz and 0.35 percent at frequencies above 
1 GHz. The time required for the measurement system to reach 
equilibrium is less than two minutes. Construction details and design 
of the calorimetric and feedback control system are given along with 
an error analysis and results of intercomparisons with other 
standards. 


Daney, D. E., Ludtke, P. E., Sindt, C. F., Slush hydrogen pump- 
ing characteristics using a centrifugal-type pump (Proc. 1968 
Cryogenic Engineering Conf., Case Western Reserve Univ., Cleve- 
land, Ohio, Aug. 19-21, 1968), Chapter in, Advances in Cryogenic 
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Engineering 14, Paper J—2, 438-445 (Plenum Press, Inc., New York, 
V.Y., 1969). 


Key words: Cavitation; centrifugal pumps; cryogenic pump; liquid- 
solid hydrogen mixtures; slush hydrogen. 


The pumping characteristics of liquid-solid mixtures of para- 
hydrogen (slush hydrogen) were investigated using a centrifugal 
type liquid hydrogen pump with a design specific speed of approxi- 
mately 2200. Performance tests from 8,000 to 19,000 rpm and cavi- 
tation tests at 11,000 and 14,000 rpm were made. The slush solid 
fraction varied from 0.19 to 0.55. As predicted by theory, the devel- 
oped head for liquid and slush hydrogen are the same when the 
difference in density is considered. The pump efficiency, cavitation 
constant and NPSH requirements are also the same for slush hydro- 
gen and triple-point liquid. After 34 minutes running time with slush 
hydrogen out of a total running time of 79 minutes, the pump compo- 
nents showed no wear over that expected from operation in liquid. 





Davis, H. A., Jr., Hastings, J. R., Waxman, M., An improved tool 
for refinishing the conical ends of high-pressure tubing, 
Rev. Sci. Instr. 40, No. 9, 1238 (Sept. 1969). 


Key words: Coning tool; high-pressure tubing; pressure seal. 


\ simple tool has been developed for refinishing the conical ends of 
high-pressure tubing in order to obtain a satisfactory seal in a coned- 
and-threaded connection. The tool uses the threaded portion of the 
tubing as the reference for alignment and can be used to refinish 
tubing that has a bend very close to the end of the tubing. 


Davis, J. C., Radiation errors in air ducts under nonisothermal 
conditions using thermocouples, thermistors, and a resist- 
ance thermometer, Nat. Bur. Stand. (U.S.), Bldg. Sci. Ser. 26, 
14 pages (Nov. 1969), 25 cents, SD Catalog No. C13.29/2:26. 


Key words: Conduction error; radiation error; resistance thermom- 
eter; temperature measurement; thermistor; thermocouple. 


Studies were made to determine the radiation error in temperature 
measurements made with thermocouples, thermistors, and a resist- 
ance thermometer in moving air at velocities ranging from 300 to 
1300 fpm when the temperature of the duct wall surrounding the 
air stream was from 0 to 50 deg F higher than that of the air in the 
center of the duct. To eliminate all but the variable under study, 
conduction errors were minimized to a point where they were al- 
most nonexistent by using Chromel P-constantan thermocouple 
wire and by employing other techniques. Radiation effects were 
studied when the probe housing the three types of temperature 
sensors was unshielded and again when it was shielded. The studies 
showed that when the sensors were unshielded and the temperature 
difference between the duct wall and the air was 50 deg F (28 K, 
approximately), the error in the sensors was about 3.8 deg F (2.1 K) 
for an air velocity of 300 fpm (1.5 m/s) and 1.0 deg F (0.6 K) for an 
air velocity of 1300 fpm (6.6 m/s). When the sensors were shielded, 
the error was about 0.2 deg F (0.1 K) for 300 and 500 fpm velocities 
and the same duct wall air-temperature difference. Tests were not 
performed at 1300 fpm with the sensors shielded because theory 
indicated that radiation error would be negligible at this velocity. 
Under the test conditions that prevail in the testing of air conditioners 
and heat pumps in laboratories, it should be possible to reduce the 
error in temperature measurement of the moving air to about 0.2 deg 
F (0.1 K) by a suitable combination of air mixers, duct insulation, 
radiation shields, and calibration techniques. 


Dean, J. W., Brennan, J. A., Mann, D. B., Cryogenic flow research 
facility of the National Bureau of Standards (Proc. 1968 Cryo- 
genic Engineering Conf., Case Western Reserve Univ., Cleveland, 
Ohio, Aug. 19-21, 1968), Chapter in Advances in Cryogenic Engi- 
neering 14, Paper H-1, 299-305 (Plenum Press, Inc., New York, 
V.Y.. 1969). 


Key words: Cryogenics; flow: fluid-metering. 
The Cryogenics Division of the NBS-Institute for Basic Standards 


is currently involved in an extensive cryogenic fluid metering pro- 
gram. The objectives of this program are to study cryogenic fluid 


measuring practices, to develop recommended practices for the most 
effective transfer of cryogenic fluids of interest in commerce, and 
to allow testing of new concepts in measurement. 


This paper describes the experimental facility built to implement 
this program. The facility consists of a cryogenic flow loop with a 
dynamic gravimetric mass flow calibration capability. A pump de- 
livers from .00126 to .0126 m*/s (20 to 200 GPM) of nitrogen or argon 
at pressures up to 1.9 MN/m* (275 psia). 15 kW of refrigeration is 
available at 63 K (113 R) to remove the pump and heat leak energy 
and thus controls the temperature environment in the test section. 
An analysis of the system errors is presented to provide an under- 
standing of the system operation. 


DeVoe. J. R.. Editor. Radiochemical Analysis Section: Méss- 
bauer spectroscopy, nuclear chemistry, nuclear instru- 
mentation, radioisotope techniques, Summary of activities, 
July 1968 to June 1969, Nat. Bur. Stand. (U.S.), Tech. Note 501, 
149 pages (Feb. 1970), $1.25, SD Catalog No. C13.46:501. 


Key words: Calculations: conversion electrons: counting statistics; 
cross sections: cryostats: electric field gradient tensor: electronics: 
gas analysis: heterogeneity; interferometric; internal magnetic 
field; iron; molybdenum; Méssbauer spectrometer; Mossbauer 
spectrometry: nickel-61; proportional detector; radiochemistry: 
radioisotope dilution; rutile: self-consistent crystal field; Standard 
Reference Materials; structure analysis. 


This is the sixth summary of progress of the Radiochemical Analysis 
Section of the Analytical Chemistry Division at the National Bureau 
of Standards. 


The section's effort comprises five major areas: Mossbauer spectro- 
scopy, nuclear chemistry, nuclear instrumentation, radioisotope 
tracer techniques and the application of statistics in nuclear and 
analytical chemistry. 


Low temperature devices for Méssbauer spectroscopy are a subject 
of continuing interest, and this year’s effort is centered around 
the design of variable temperature devices. A high temperature 
device is also described. 


Preliminary data on the detection of conversion electrons show the 
potential for Méssbauer spectroscopy in the field of chemical 
bonding in surfaces. 


Further exploration of the potential of Mossbauer spectroscopy for 
the measure of structural parameters of nickel compounds have 
been made. 


Preliminary data are presented on the structure of iron doped rutile 
(TiO:) which is of significance to the determination of mineral 
structures fround on the moon. Theoretical predictions of Méssbauer 
spectra resulting from electric field gradients due to crystal field 
interactions are presented. Evaluation of the basic integrals using the 
self-consistent Hartree-Fock method is given for ions of the first 
row of transition elements. 


Precautions to be taken in the analysis of gamma-ray spectra are 
presented when model errors exist and when a gain shift is detected. 


A system for gas analysis which utilizes gas chromatography is 
described. Its application to nuclear cross section studies is also 
presented. A method for setting limits on sample heterogeneity using 
a specific analysis method provides a useful indicator for evaluation 
of the adequacy of standard reference materials. 


An interesting presentation of detection and measurement in the 
femtogram region is given. 


The complete circuitry for the optical interferometric Mossbauer 
spectrometer is presented in this report. 


Quantitative analysis for molybdenum and iron using radioisotope 
dilution to a precision that rivals most other techniques is described. 
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Diamond, J. J., Editor, Bibliography on the high temperature 
chemistry and physics of materials, July, August, Sept. 1969, 
Nat. Bur. Stand. (U.S.) Spec. Publ. 315-3, 90 pages (Oct. 1969), 
$i .00. 


Key words: Bibliography, high temperature; chemistry, high tem- 
perature; high temperature chemistry; materials properties; re- 
search at high temperatures; thermophysical properties. 

The bibliography consists of references to research involving 
temperatures above 1000 °C, which were noted by the Contributors 
during the above three-month period. Since this is intended pri- 
marily as a current-awareness bibliography, there is no cross- 
referencing or indexing. This issue contains about 825 references 
roughly grouped under fifteen subject headings. 


Durst, R. A., Editor, Llon-selective electrodes. Proceedings of a 
symposium held at the National Bureau of Standards, 
Gaithersburg, Maryland, January 30-31, 1969, Nat. Bur. 
Stand. (U.S.), Spec. Publ. 314, 474 pages (Nov. 1969), $3.50, SD 
Catalog No. C13.10:314. 


Key words: lon-selective electrodes; review of ion selective elec- 
trodes; specific-ion electrodes; symposium proceedings. 


This volume contains a review of ion-selective electrodes, empha- 
sizing the non-glass types, and provides a thorough and critical 
evaluation of the subject. It consists of eleven invited review papers 
and selected discussions from the Symposium on lon-Selective 
Electrodes held at NBS on January 30-31, 1969. This publication 
provides a comprehensive survey of the field and should prove 
very valuable in advancing the state of the art. The chapters include 
discussions on the theory, characteristics, and methodology of all 
types of ion-selective electrodes; their use in thermodynamic, 
kinetic, and complex-ion studies; standards; pure and applied 
research in various biomedical areas of interest; industrial analysis 
and control systems; and applications to diverse analytical problems. 
Both the present status and future potential of these sensors are 
discussed in a wide range of scientific disciplines, from the physical 
sciences to biomedicine. Extensive bibliographies provide an ex- 
cellent survey of the literature for anyone using or anticipating the 
use of these electrodes. 


Edmonds, D. K., Hork, J., Cavitation in liquid cryogens (Proc. 
1968 Cryogenic Engineering Conf., Case Western Reserve Univ., 
Cleveland, Ohio, Aug. 19-21, 1968), Chapter in Advances in Cryo- 
genic Engineering 14, Paper G—4, 274-282 (Plenum Press, Inc., 


New York, N.Y., 1969). 


Key words: Cavitation; cavitation inception: cryogenic; cryogenic 
cavitation; developed cavitation; thermodynamic cavitation. 


Cavitation characteristics of liquid hydrogen and liquid nitrogen 
flowing in a transparent plastic venturi have been determined and 
conventional cavitation inception parameter curves are given. 
Representative thermodynamic data, consisting of pressure and 
temperature measurements within fully-developed cavities, are 
also given; measured temperatures and pressures within the cavities 
were generally not in thermodynamic equilibrium. Exisiing theory 
was used to obtain equations which correlate the experimental data 
for developed cavities in liquid hydrogen or liquid nitrogen. The 
theory is extended to include the effect of cavity thickness and the 
experimental data are used to evaluate the results. Some recommen- 
dations for future work are given. 


Eisele, J. W., Technical Standard Coordinator, Uncored slab 
urethane foam for bedding and furniture cushioning, Vat. 
Bur. Stand. (U.S.), Prod. Stand. 13-69, 6 pages (Dec. 1969), 10 cents, 
SD Catalog No. C13.20/2:13- 69. 


Key words: Cellular; flexible; slab; uncored; urethane foam. 


The foam covered by this Product Standard is intended for uses 
such as inserts for mattresses and cushions for indoor and outdoor 
furniture. This Standard provides material and dimensional require- 
ments for uncored slab urethane foam and requirements and meth- 
ods of test for the specific properties of load bearing capacity, per- 





manent set, moisture resistance, fatigue resistance, and resiliency. 
The fatigue requirements will be revised to incorporate dynamic 
fatigue specifications when adequate data are available. Methods for 
marking and labeling to indicate compliance with this Standard are 
also provided. 


Engen, G. F., An introduction to the description and evalua- 
tion of microwave systems using terminal invariant param- 
eters, Nat. Bur. Stand. (U.S.), Monogr. 112, 27 pages (Oct. 1969), 35 
cents. 


Key words: Attenuation; impedance: microwave power; precision 
connector; terminal invariant. 


The description and evaluation of microwave systems is usually by 
means of microwave circuit analysis, which may be regarded as an 
extension of the practice at lower frequencies. In order to insure its 
validity, it is necessary to postulate that the different components, 
which comprise the microwave system, are interconnected via uni- 
form and lossless waveguide, and which is usually (but not neces- 
sarily) restricted to single mode operation. As a consequence, pre- 
cision (uniform) waveguide and connectors are usually considered 
necessary elements for an accurate experimental evaluation of a 
microwave system. 


It-is possible to avoid this requirement in an alternative formulation 
where the description is based upon net power, instead of the com- 
plex traveling wave amplitudes. In this reformulation the basic 
parameters include available power, maximum efficiency (or intrinsic 
attenuation), and several different “mismatch factors.” The impor- 
tant feature of these parameters is their “terminal invariant” prop- 
erty. i.e., their invariance to an arbitrary shift in the terminal 
reference surface (in an assumed lossless region). 


In this way the precision waveguide and connector requirement is 
avoided for an important class of measurement problems. In addi- 
tion the physical model, upon which the description is based, is a 
simple one which provides improved insight into mismatch errors 
and corrections. 





Fenstermaker, C. A., McCrackin, F. L., Errors arising from sur- 
face roughness in ellipsometric measurement of the refrac- 
tive index of a surface, Surface Sci. 16, 85—96 (1969). 


Key words: Ellipsometry; index of refraction; light reflection; optical 
properties; rough surfaces. 


The roughness of a surface is generally neglected when the refractive 
index of a material is calculated from ellipsometer measurements. 
Errors produced by neglecting the roughness of the surface are 
evaluated for three models of the topography of the surface (square 
ridges, triangular ridges, and pyramids). A range of roughness from 
0 to 500 A and six substrate materials (glass, silicon, chrome, 
mercury, gold, and silver) are considered. Large errors in determina- 
tion of indices, even for small values of roughness (50 A), were found. 


Frederick, N. V., A low loss sliding short of limited travel for 
precision coaxial transmission lines, Proc. IEEE 56, No. 12, 
2188 (Dec. 1968). 


Key words; Coaxial cavity tuning; coaxial short; precision transmis- 
sion line; reflection coefficient; sliding short. 


A precisely adjustable sliding short with high reflection coefficient 
is described. The reflection coefficient is approximately 0.996 at 
4 GHz. Instructions are given for fabrication. The device is especially 
useful for measuring electrical lengths and for tuning of coaxial 
cavities and for coaxial line bridge work. 


Furukawa, G. T., Automation problems in thermometry and 
calorimetry (Proc. 2d & 3d Japanese Calorimetry Conf., Osaka, 
Japan, Nov. 27-28, 1967), Chapter 1 in Calorimetry, Thermometry, 
and Calorimetry, Y. Otsubo, H. Kanbe, and S. Seki, Ed., 2, 1-35 
(Kagaku Gijitsu-Sha, Tokyo, Japan, 1969). 


Key words: Autometic calorimetry; calorimetry; heat capacity; 
Mueller bridge; thermometry. 


138 











For high-precision low-temperature calorimetry, the techniques 
used in measurement periods of temperature and of power are 
discussed separately. The application of electronic preset counters 
to automatic control of the calorimetric process is proposed. The 
thermometer resistances are measured by means of an automated 
Mueller bridge and the measurements are analyzed on a high-speed 
digital computer to obtain temperature-time observations. The 
electrical power introduced is automatically determined using a 
commercially available integrating digital voltmeter (IDVM) to meas- 
ure a small fraction of the total calorimeter heater voltage biased 
by a stable reference voltage. A modification of the IDVM to integrate 
over the heating interval to obtain the total electrical energy input 
is described. 


Gatterer, L. E., Clock synchronization experiments at VHF 
utilizing the ATS-1 and ATS-3 transponders, Nat/. Aeronaut. 
Space Admin. Report ATS Tech. Summary (National Aeronautics 
and Space Administration, Greenbelt, Md., Feb. 16, 1968). 


Key words: Clock; synchronization; transponder; VHF. 


Experiments are described which repeat demonstrations of the 
effectiveness of a technique for synchronizing widely separated 
clocks to better than 10 usec, and which investigate extensions of 
this technique, preliminary results are described. These experi- 
ments utilized the VHF transponder on ATS-1. 


Geller, S. B., Mantek, P. A., Cleveland, N. G., Standard reference 
materials: Calibration of NBS secondary standard magnetic 
tape (computer amplitude reference) using the reference 
tape amplitude measurement “‘Process A’’, Nat. Bur. Stand. 
(U.S.), Spec. Publ. 260-18, 41 pages (Nov. 1969), 50 cents. 


Key words: Average peak signal level; computer amplitude refer- 
ence; magnetic tape; master standard; saturation curves; secondary 
standard; signal level calibration; standard reference materials; 
unrecorded reference. 


This publication describes the design and operation of the NBS 
signal amplitude measuring system (Process A) that is used for cali- 
brating unrecorded Secondary Standard Magnetic Tapes (Computer 
Amplitude Reference). The signal level calibration is made with 
respect to a reference signal level derived from the NBS Master 
Standard Magnetic Tape (Computer Amplitude Reference) that is 
kept in repository at NBS. The techniques for measuring and re- 
cording the data that accompany each Secondary Standard Mag- 
netic Tape in the form of strip chart recordings and saturation curves 
are described. 


Gorden, R., Jr., Rebert, R. E., Ausloos. P., Rare gas resonance 
lamps, Nat. Bur. Stand. (U.S.), Tech. Note 496, 55 pages (Oct. 1969), 
60 cents. 
Key words: Aluminum window; extinction coefficients; ionization 
quantum yield; photochemistry; photoionization; rare gases; reso- 
nance lamps; saturation ion current. 


Rare gas resonance lamps having high spectral purity, high intensity, 
and long lifetimes have successfully been manufactured. The design 
and filling procedure for these lamps is described in detail. Particular 
operational characteristics of the xenon, krypton, argon, neon, and 
helium resonance lamps are also given. Windows suitable for use 
with each of these lamps are described, with particular emphasis 
given to the procedure for fabricating thin aluminum windows for 
use with neon and helium lamps. In addition, a method for deter- 
mining extinction coefficients and ionization quantum yields based 
on the measurement of saturation ion currents is described. 


Greenfeld, S. H., Natural weathering of mineral stabilized 


asphalt coatings on organic felt, Nat. Bur. Stand. (U.S.), Bldg. 
Sci. Ser. 24, 17 pages (Oct. 1969), 30 cents. 


Key words: Additive; asphalt; durability; felt; stabilizer; weathering. 


Sixteen years of outdoor weathering of laboratory-prepared smooth- 
surface and mineral-surfaced, felt-base roofing specimens has pro- 


vided information on the effects of mineral additives on the dura- 
bility of coating-grade roofing asphalts. Six finely divided mineral 
additives (blue black slaté, clay, dolomite, fly ash, mica, and silica) 
were evaluated at concentrations up to 60 percent in California, 
Mid Continent and Venezuela asphalts. The mineral-surfaced speci- 
mens are all performing satisfactorily, and show only minor degrees 
of degradation.. Of the smooth-surfaced specimens, the Mid- 
Continent asphalt performed the best and the California asphalt 
the poorest. The mica and blue black slate increased the durabilities 
of all three asphalts at all concentrations and two coating thick- 
nesses. Fly ash, clay, dolomite, and silica were beneficial in some 
combinations, but had little effect in others. In general, these early 
results from outdoor exposure tend to corroborate the results ob- 
tained on these coatings exposed in weatherometers. 


Gugeler, A. L., Ballard, D. B., The aluminum-porcelain enamel 
interface as observed by electron microscopy, 4m. Cerm. Soc. 
Bull. 48, No. 9, 842-845 (Sept. 1969). 


Key words: Adherence; aluminum; electron microscope; interface; 
porcelain enamel; spall resistance. 


The electron microscope was used in a study of the adherence of 
porcelain enamel to aluminum. Various combinations of aluminum 
alloys and metal pretreatments were studied. Shadowed plastic 
surface replicas of the porcelain enamel-aluminum interface were 
taken from polished and etched cross sections. Those combinations 
which had poor adherence, as indicated by low resistance to spalling, 
had a layered structure at the interface. This thin layer was not 
observec in those specimens which were considered to have good 
adherence. The susceptibility of the layered structure at the interface 
to corrosive attack appears to have a direct relationship to spall 
resistance. 


Hall, L. A., A bibliography of thermophysical properties of 
air from 0 to 300 K, Nat. Bur. Stand. (U.S.), Tech. Note 383, 12] 
pages (Oct. 1969), $1.25, SD Catalog No. C13.46:383. 


Key words: Air; bibliography; equation of state; low temperature; 
mechanical properties; thermodynamic properties; transport 
properties. 

References together with an abbreviated abstract are presented 
for mechanical, thermodynamic, and transport properties of air 
from 0 to 300 K published up to December 1968. A total of 610 
articles have been indexed. Each article has been reviewed and 
coded with regard to properties studied, type of article (i.e., experi- 
mental, theoretical, etc.), and method of presentation of data. The 
temperature and pressure ranges for each property under considera- 
tion are also given. An index has been prepared according to property 
with four sub-categories: solid, liquid, gas up to 200 K, and gas 
above 200 K. 


Heaton, H. T., Il, Use of an on-line computer in neutron time- 
of-flight measurements, Nat. Bur. Stand. (U.S.), Tech. Note 515, 
31 pages (Jan. 1970), 35 cents, SD Catalog No. C13.46:515. 


Key words: Data handling system; interruptable computer; neutron 
time-of-flight; neutron total cross sections; on-line computer; pro- 
gram selector board. 


This paper describes the on-line data handling system at the NBS 
Electron Linear Accelerator facility as it is used for measuring 
neutron total cross sections by time-of-flight techniques. 


Hendricks, R. C., Simoneau, R., Smith, R. V., Heat transfer with 
a near-critical fluid, Nat. Aeronaut. Space Admin. Report TNX 
52612 (National Aeronautics and Space Administration, Greenbelt, 
Maryland, June 16, 1969). 


Key words: Choking, critical; fluid; fluid flow; heat transfer; oscilla- 
tions. 


The three authors have reviewed the field and added some new 
material. The intent of the paper is to bring the literature together, 
to provide information for designers, and to suggest needed research. 
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Hudson, G. E., Allan, D. W., Barnes, J. A., Hall, R. G., Lavanceau, 
J. D., Winkler, G. M. R., A coordinate frequency and time 
system, Proc. 23d Frequency Control Synp., Atlantic City, N.J., 
Vay 6-8, 1969, p. 249 (1969). 


Key words: Coordinate time; local atomic standards; metric time: 
national unified atomic standards; proper time; universal coordinated 
time. 


A coordinate frequency and time system, suitable for extension to 
worldwide coverage. is described in relation to the form evolving in 
the United States. It consists of a network of component primary 
and associated stations, at fixed locations and altitudes, and a 
reference coordinating component at a reference location and alti- 
tude. A unified local atomic standard for the system serves as the 
coordinating component. 


The system could be extended internationally, by regarding the 
national unified standards as components of an international one 
whose assigned frequency would equal f (Cs). 


Hudson, G. E., Barnes, J. A.. Clock error statistics as a renewal 
process, Proc. 22d Frequency Control Annual Symp., Atlantic City, 
V.J.. Apr. 22-24, 1968, pp. 384—413(1968). 


Key words: Clock errors; dispersion of clock reading; flicker noise; 
random-walk noise; renewal equation: renewal processes; statistics 


of clock ensembles; white noise; zero crossings. 


A model ensemble specifying the distribution of its clock readings 
about their average obeys an integral equation of renewal type. 
Renewal processes ordinarily describe when mechanical or electrical 
components need to be replaced. In this case, clocks in the ensemble 
may repeatedly read correctly’ and “renew” themselves. Solutions 
of the equation are discussed and are related to other error statistics. 


Jefferson, C. F.. Baker, C. K.. Mechanism of electrical conduc- 
tivity in nickel-iron ferrite, /EEE Trans. Magnetics MAG-4, No. 
3, 460-464 (Sept. 1968). 


Key words: Conductivity: ferrites; Hall mobility; thermal emf: 
transition metal oxides. 


Measurements of the frequency dependence of the dielectric- 
conductivity. Hall mobility and thermal emf as a function of tempera- 
ture on polycrystalline Nio.«Feo4Fe2O, indicate that this data can be 
interpreted in terms of the band model. Previous analyses of the 
semiconductor properties of ferrites according to the hopping 
model assume that the number of carriers, n, is identical with the 
concentration of divalent iron ions. Hall measurements indicate 
that this is not the case here and that n is best described by the 
equation 


' m* 3/2 Ep 
n?= (Np—n)No — sg ' ep-=* 


m ; kT 
Assigning a value of 2 to g. m*/m is 9.3 and Ey is 0.034 eV. 


The temperature dependence of the de conductivity is considerable 
different from that of the ac conductivity. This difference is found 
for polycrystalline Nio«Feo.Fe,O, and LiFe;Ox, as well as for 
single crystal LiFe;O,. A Wagner type relaxation associated with 
interfacial polarization is present in all materials, indicating that 
precautions must be taken in the interpretation of de conductivity 
data even when single crystals are used. 


The thermal emf, calculated from Hall data, shows that the measured 
value considerably larger than the calculated value. This implies 
that the measured values might contain a contribution from the 
phonon drag effect. 


Jellison, J. C., Collier, R. S., Fluid phase and temperature 
measurement with a single sensor (Proc. 1968 Cryogenic Engi- 
neering Conf., Case Western Reserve Univ., Cleveland, Ohio, Aug. 
19-21, 1968), Chapter in Advances in Cryogenic Engineering 14, 
Paper H—5, 322-330 (Plenum Press, Inc., New York, N.Y., 1969). 





Key words: Carbon; cryogenic; fluid phase; hydrogen; low-gravity: 
resistance thermometry: thin film; temperature. 


A technique is described, which permits a single sensor to measure 
temperature and the presence of liquid or vapor at a specific point 
in cryogenic containers. This technique compensates for disturb- 
ances such as cryogen temperature variations, and it offers indica- 
tion of a gas to liquid transition in a fraction of a second. Although 
designed and used for LH, instrumentation, the basic principle has 
been applied to LN» with slight modification. The system is able to 
dicriminate liquid presence under normal and low-gravity conditions. 


Optimum use of the system under low-gravity requires the develop- 
ment of a sensor having a fast thermal time constant, a geometry 
capable of repelling cryogen films from its surface, and which can be 
used as a resistance thermometer. Vacuum deposited thin films of 
carbon are discussed as a possibility for satisfying these require- 
ments. The resistance-temperature curve for these carbon films is 
nearly log-log linear over a wide temperature range, providing easy 
calibration of the sensor, and they have good stability on aging and 
thermal cycling. 


Jennings, D. A., West, E. D., Evenson, K. M.. Rasmussen, A. L., 
Simmons, W. R., Laser power and energy measurements, 
Vat. Bur. Stand. (U.S.), Tech. Note 382, 64 pages (Oct. 1969), 65 cents. 


Key words: Calorimetry; laser; laser calorimetry; laser energy; laser 
power. 


Most laser calorimeters operate in a constant temperature environ- 
ment. The calorimeters can be used as deflection devices or the data 
can be analyzed by extrapolation or integration. Consideration of the 
heat flow problem common to all of these methods points up the 
underlying assumptions and the possible errors involved. 


Calorimeters for measuring the output energy of pulsed ruby and 
neodymium glass lasers have been built and calibrated. The absorb- 
ing medium is an aqueous solution of CuSO,. Calibration of laser 
energy detectors has an estimated uncertainty of +2% for input 
energies of 0.1 J to 100 J. Comparisons of absorption cell calorimeters 
with metal plate calorimeters agree within 1%. 


Instrumentation is described that is used for the calibration of CW 
laser power meters. The calibration unit employs an absorption cell 
calorimeter to calibrate the output of a photovoltaic cell transfer 
detector. The power meter to be calibrated is then compared to the 
calibrated output of the transfer detector. The calibrations are 
within an accuracy of 4%. 


A discussion and description is also given of several types of cal- 
orimeters that have been used to measure the output of a 100 watt 
CO, laser. The most recent design provides for measurement from 
1 watt to 5 kilowatts with a measured accuracy of better than 3%. 


Joiner, B. L., The median significance level and other small 
sample measures of test efficacy, J. Am. Statist. Assoc. 64, 
971-985 (Sept. 1969). 


Key words: Efficiency of tests: median significance level; significance 
level; statistical tests. 


The concepts of the “median significance level” (MSL) and the 
“significance level of the average” (SLA) are introduced and some 
relationships among these measures and the recently introduced 
“expected significance level” (ESL), “average critical value” 
(ACV), and “median critical value” (MCV) are considered. The 
median significance level is defined as the median of the distribution 
of the observed significance level for a given alternative, and for 
one-sided tests is shown to be the significance level attained by the 
median of the test statistic. The “significance level of the average” 
is analogously defined for one-sided tests to be the significance 
level attained by the average (expectation) of the test statistic. For 
one-sided tests the MSL and SLA are inverse functions of Geary’s 
MCV and ACV. Some relations between these small sample meas- 
ures of test efficacy, and Pitman’s and Bahadur’s asymptotic 
measures are described. The MCV is shown to be formally related 
to Hamaker’s “indifference quality” method of classifying ac- 
ceptance sampling plans. Several simple examples are given il- 
lustrating some relationships among the several criteria. 
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Kamper, R. A., Mullen, L. O., Sullivan, D. B., Some applications 
of the Josephson effect, Nat. Bur. Stand. (U.S.), Tech. Note 381, 
63 vages (Oct. 1969), 65 cents. 


Key words: Josephson effect: 


superconductivity; 
tunnel junctions. 


thermometry: 


We describe techniques for fabricating permanent Josephson junc- 
tions between thin films of niobium and lead, and for absolute noise 
thermometry at very low temperatures using the Josephson effect. 
We discuss the possible benefits of applying superconductivity to 
nuclear magnetic resonance detection, and review other applications 
of the Josephson effect. 


Koeser, R. L., Report Editor, Report of the 54th National Con- 
ference on Weights and Measures 1969, Nat. Bur. Stand. (U.S.), 
Spec. Publ. 318, 270 Pages (Nov. 1969), $1.50, SD Catalog No. 
C13.6/3:318. 


Key words: Conference: weights and measures: weights and meas- 
ures — history; weights and measures — laws; weights and measures— 
requlations: weights and measures—technical requirements. 


This is a report of the proceedings (edited) of the Fifty-fourth Na- 
tional Conference on Weights and Measures, sponsored by the 
National Bureau of Standards, held in Washington, D.C., June 9-13, 
1969 and attended by State, county, and city weights and measures 
officials and representatives of the Federal Government, business, 
industry, railroads, and associations. 


Kropschot, R. H., Thermal diffusivity of powder insulation 
(Proc. 1968 Cryogenic Engineering Conf., Case Western Reserve 
Univ., Cleveland, Ohio, Aug. 19-21, 1968), Chapter in Advances in 
Cryogenic Engineering 14, Paper F-4, 224-229 (Plenum Press, 


Inc., New York, N.Y., 1969). 


Key words: Conductivity: cryogenics: diffusivity; powders; thermal 
insulation. 


The thermal diffusivity of selected powder insulations (carbon, 
silica-magnesia and a silica-aluminum mix) has been experimentally 
determined over the temperature range 76-300 K. These results 
were used, along with the estimated specific heat, to calculate the 
thermal conductivity. Good agreement is obtained between these 
data and thermal conductivities obtained from steady state measure- 
ments. As expected, the diffusivity of highly evacuated 50-50 weight 
percent silica-aluminum powder varies by a factor of three over 
this temperature range. These data also enhance the justification 
for assuming the specific heat for bulk and powdered materials to 
be the same in this temperature range. 


Experimentally, the diffusivities were determined from transient 
temperature response to a step input change in temperature. Mathe- 
matical solution of the problem for constant diffusivity is known, 
and it is shown here that the same basic mathematical approach is 
valid for the case of a temperature dependent diffusivity. The 
experimental apparatus is briefly described and details of the ex- 
perimental results and the mathematical analysis are included. 


Kushner, L. M.. The NBS contribution to technological 
measurements and standards, Mater. Res. Std. 9, No. 10, 8-10 
(Oct. 1969). 


Key words: Performance standards: technological measurements 
and standards. 


Our national system of measurement incorporates physical, material 
and technolgocial measurements and standards. Whereas the first 
two are concerned largely with enabling us to describe the physical 
world, technological measurements and standards are userelated 
and are at the interface between science and its application in 
industry and Government. The NBS program in technological 
measurements and standards is an effort to extend the principles 
of good measurement to the engineering fields and to the complex 
needs of today’s society. This goal is pursued mainly through proj- 
ects designed to enable the government to use technology effectively 
in its role as a consumer and employer of innovative resources. 


With government at all levels becoming more and more involved in 
developing and setting standards in a variety of fields related to 
public health and safety, it becomes increasingly important that the 
standards be of such a nature that they do not hamper the introduc- 
tion of new technology for accomplishing program objectives. This 
leads to a need to develop more fully the concept of performance 
requirements as the basis for standards. This must include a concern 
with subjective factors which of necessity enter the measurement 
problems as soon as man becomes part of the system to be measured. 


{ related phenomenon is the “systems” nature of many of our na- 
tional problems. These problems to which physical scientists and 
engineers are now being directed are not purely technical but have 
large and important social and economic components. Completely 
new measurement criteria are required to specify the problem and 
provide measures of progress toward its amelioration. The develop- 
ment of this new measurement methodology is being undertaken in 
a relatively new field of applied science, systems analysis. This is 
a new technology for the decision making process in business, 
industry and government. 


The NBS technological measurements and standards program 
attempts to support and stimulate these activities as effective means 
for bringing our national scientific and engineering skills to bear on 
current problems. 


LaFleur, P. D., Determination of molybdenum in steels and 
biological materials by activation analysis, Radiochem. Radio- 
anal, Letters 1, No. 3, 225-229 July 1969). 


Key words: Activation analysis: 
bis(2-ethylhexyl) phosphate; 
tions: steels. 


biological materials: hydrogen 
molybdenum; radiochemical separa- 


\ procedure for determining molybdenum by activation analysis in 
steels and biological matrices is described. The procedure involves 
a chemical separation of molybdenum by solvent extraction using 
the reagent hydrogen bis(2-ethylhexyl) phosphate, and subsequent 
back extraction with HNO, —H.O.. Using the procedure as described 
precisions of 1-2% (at the 95% confidence level) are possible and 
3-4% are routine. 


LaVilla, R. E., Mendlowitz, H.,Optical properties of germanium, 
J. Appl. Phys. 40, No. 8, 3297-3300 uly 1969). 


Key words: Electron energy losses; germanium: My, y edge: optical 
constants; oscillator; strengths; sum rules; vacuum ultraviolet. 
The set of optical constants of germanium reported by Marton and 
Toots, from 8 to 25 eV, have been assessed. An extension of the 
n and k values up to photon energy of 100 eV using Hunter’s & values 
also has been studied. The analysis consisted of an internal consist- 
ency check by applying the Kronig-Kramers dispersion relations 
to the optical constants and an evaluation and study of the optical 
and electron oscillator strength distributions. From an application 
of the general sum rules to the oscillator strength distribution, the 
computed effective number of electrons per germanium atoms 
suggests a redetermination of the & values in the spectral region 
covered by Hunter. 


Logan, H. L., Studies of hot salt cracking of the titanium 
8%-Al-1% Mo-1% V alloy (Proc. Ohio State Stress Corrosion 
Symp., Ohio State Univ., Columbus, Ohio, September 11-15, 1967), 
pp. 662-672 (National Association of Corrosion Engineers, Houston, 
Texas, 1969). 


Key words: Hot salt cracking; LiCI-KCI eutectic; stress-corrosion: 
Ti-8-1-1 alloy; titanium oxides. 


Two approaches to the problem of hot salt cracking of the titanium 
alloy are reported. In the first of these the susceptibility of the 
alloy to cracking in contact with a number of chlorides was studied. 
Only NaCl, LiCl and a molten eutectic mixture of LiCl and KCl 
were found to severely crack stressed specimens exposed in air 


at 800 °F. 


In the second phase of the program the effects of environments on 
the alloy in contact with NaCl were investigated. Data indicate that 
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the oxide or series of oxides formed on the alloy surface were 
important in determining whether specimens developed stress- 
corrosion cracks. 


Data also indicate that little or no chlorine was produced in the 
corrosion reaction. 


McBee, C. L., Kruger, J.. Ellipsometric-spectroscopy of films 
formed on metals in solution, Surface Sci. 16, 340-352 (1969). 


Key words: Ellipsometry: iron; optical constants; passive films; 
} } 
spectra. 


The computational problems involved in the analysis of “ellipso- 
metric-spectroscopic”’ data are considered, including the existence 
of multiple values of the optical constants for a single wavelength. 


Suggestions are made for eliminating the extra values. Examples of 
pertinent experiments to study corrosion processes are given for 
passive films grown on single crystals of iron in sodium borate-boric 
acid solution. 


McCaa, W. D., Jr., Nahman, N. S., Frequency and time domain 
analysis of a superconductive coaxial line using the BCS 
theory, J. Appl. Phys. 40, No. 5, 2098-2100 (Apr. 1969). 


Key words: BCS theory: superconductive lines: time and frequency 
response; two-fluid model. 


{ miniature superconductive lead-teflon-niobium coaxial line has 
been analyzed in terms of the complete BCS theory of superconduc- 
tivity. The surface impedance of both superconductors, the line 
attenuation and the picosecond step responses have been calculated 
for a temperature of 4.24 °K. The dielectric has been assumed 


lossless. 


In addition, the frequency and time domain responses obtained with 
the BCS theory are compared with those predicted for the same line 
parameters by the two fluid model. 


Maki, A. G., Jr.. Vibrational spectroscopy, Ann. Rev. Phys. Chem. 
20, 273-292 (1969). 


Key words: Absorption spectra: infrared: instrumentation; potential 
functions; spectroscopy: vibration. 


A review is given of the recent scientific literature on the subject 
of vibrational spectroscopy. Topics which are covered include in- 
strumentation, gas phase spectra including band contour calcula- 
tions, condensed phase spectra, and vibrational potential functions. 


Mandel, J.. A method for fitting empirical surfaces to physical 
or chemical data, Technometrics U, No. 3, 411-429 (Aug. 1969). 


Key words: Curve fitting: data analysis: empirical fitting of curves 
and surfaces; model, mathematical; response surface; surface fitting: 
two-way tables. 


This paper presents an illustration of a recently developed method 
of surface fitting. Data on the specific volume of two types of rubber, 
measured at various temperatures and pressures, are used to estab- 
lish empirical relationships between specific volume, temperature, 
and pressure. 


An important feature of the method is that, to a considerable extent, 
it evolves the model from the data. Another basic feature is that it 
reduces the problem of surface fitting to that of fitting a few functions 
of one variable each. 


Margoshes, M., Remarks on linearization of characteristic 
curves in photographic photometry, App/. Opt. 8, No. 4, 818 
(Apr. 1969). 


Key words: Arrak transform: Baker transform; emulsion calibration: 
Kaiser transform; photographic emulsions; Sampson transform; 
Seidel transform; spectrochemical analysis. 





A discussion is given of the transformation A= log(10” — 1), where 
D=log(1/T) and T is the transmittance of the photographic image, 
this function was recently rediscovered by de Vaucouleurs, who 
claimed that A is a linear function of the relative exposure, log(E ), 
over the range of values of D which are of interest. It is pointed out 
that this transform has been independently discovered three or more 
times, and that it is well known in spectrochemical analysis as the 
Seidel transform. Previously published and new data are cited to 
illustrate that A is only rarely a linear function of log(E). Other 
transforms are noted which do appear to give a linear relation with 
log(E) in many cases. 


Margoshes, M., Rasberry. S. D., Application of digital computers 
in spectrochemical analysis—computational methods in 
photographic microphotometry, Spectrochim. Act. 24B, 
197-513 (Jan. 14, 1969). 


Key words: Computers: microphotometry: photographic emulsion: 
I r ‘ = 
photographic photometry: programs: spectrochemical analysis. 


A new method is described for calibration of photographic emulsions 
and conversion of microphotometer readings to relative intensities 
on a digital computer with special application to spectrochemical 
analysis. The method for emulsion calibration replaces graphical 
procedures by a numerical method which is well suited for digital 
computations. The method of computation and its underlying as- 
sumptions are described, and results are given of test of the pro- 
cedure. It is recognized that the entire experimental arrangement is 
being calibrated, not frerely the photographic emulsion, and it is 
shown how malfunctions of the microphotometer which affect the 
calibration can be recognized from the output of the computer. 
The program for conversion of microphotometer readings to relative 
intensities provides for several alternate calculations, including 
selection of the proper calibration parameters according to the 
wavelength of the line when these data are supplied for more than 
one wavelength region, as well as correction for step and back- 
ground where required. The program is written to provide for 
automatic selection of the required alternative calculation, based 
on preliminary analysis of the input data. 


Marron, B. A., Tauber, S. J., Evolution of a general computer- 
based information system from pharmacological require- 
ments, Proc. Conf. 32d Annual Meeting of the American Society 
for Information Science, San Francisco, California, Oct. 1-4, 
1969, 6, 223-230 (Greenwood Publ. Corp., Westport, Conn., 1969). 


Key words: Chemical data: computers: information storage and 
retrieval; information systems: parameter control; pharmacological 
data. 


A general information storage and retrieval system capable of 
handling most kinds of information by parameter control is described. 
The system is characterized by user description of data processing 
requirements and the capability of attaching modules for handling 
special précessing problems. A specific implementation of the 
system for representative data types taken from chemistry and 
pharmacology is detailed. 


Melmed, A. J., Surface characterization by ellipsometry low- 
energy electron diffraction, and field-electron microscopy 
(Proc. Conf. Third Battelle Memorial Institute Materials Science 
Colloquium, Kronberg, Germany, May 6-11, 1968), Chapter in 
Molecular Processes on Solid Surfaces, pp. 105-127 (McGraw-Hill 
Book Co., Inc., New York, N.Y., 1969). 


Key words: Ellipsometry; field-emission microscopy; low-energy- 
electron diffraction; optical constants; oxidation; surface characteri- 
zation. 


Two types of experiments are described. In the first ellipsometry 
and LEED are combined in a study of the room temperature inter- 
action of oxygen with (011)-oriented tungsten. Based on published 
interpretations concerning the LEED aspects of this experiment, the 
ellipsometer is shown to be capable of detecting small fractions of a 
monolayer of adsorbed oxygen, and the average sticking probability 


for oxygen is estimated to be 0.2 or 0.4 for the first half monolayer of 


oxygen atoms. Inability to completely understand the ellipsometry 
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data is encountered and is attributed to inadequacy of existing theory 
to cope with phenomena occurring in the sub-monolayer coverage 
range. In the second type experiment a technique is introduced which 
enables FEM and LEED observations to be made on a single speci- 
men with reasonable assurrance that the entire specimen undergoes 
the same thermal and environmental history. Oxidation of tung- 
sten and the adsorption and removal of carbon on tungsten are used 


to demonstrate 
combination. 


surface characterization with this FEM-LEED 


Nahman, N. S., Superconducting transmission lines—com- 
munication and power, Proc. 1968 Summer Study on Super- 
conducting Devices and Accelerators, Brookhaven National Labora- 
tory, Upton, L. 1., New York, June 10—July 19, 1968, BNL-50155, 
622-627 (1968) 


Key words: Superconductive; transmission. 


Reviews are given on (1) the experimental and theoretical work on 
S.C. signal transmission lines and (2) theoretical designs of S.C. 
power transmission lines. A brief exposition is presented on the 
constituents of a generalized data communication system. Elements 
of the above described topics are drawn together in a consideration 
of the idea of combining S.C. power and communication lines into 
one system. 


Nemoto, T., Beatty, R. W., Fentress, G. H., A two-channel off-null 
technique for measuring small changes of attenuation, 
IEEE Trans. Microwave Theory Tech. MTT-17, No. 7, 396-397 
(July 1969). 


Key words: Attenuation; microwave, off-null technique; small 


attenuation changes; two-channel. 


A technique is described for measuring small changes of attenuation 
which are not accompanied by significant changes in phase shift. 
It is a two-channel technique in which a small off-null output signal 
undergoes relatively large changes upon making small changes in a 
test attenuator in one of the channels. 


The procedure is described and measurements from 0.01 to 0.1 
decibel on a rotary vane attenuator are compared with similar 
measurements by a different method. Agreement is within 4 percent. 


Pfrange, E. O., Yokel, F. Y., Structural performance evaluation 
of a building system. Nat. Bur. Stand. (U.S.), Bldg. Sci. Ser. 25, 
27 pages (Nov. 1969), $1.25. 


Key words: Building systems; low-income housing: 


performance 
criteria; performance testing. 


A full-scale, first-story portion of a building system was tested in the 
laboratory in such a manner as to simulate the structural behavior 
of a three-story building under both service and potential ultimate 
loading conditions. Additional tests were performed on the system 


components to provide behavioral data needed for the evaluation 
of the system. 


Performance criteria for the evaluation of the strucutural safety and 
adequacy of certain building systems were developed. This report 
presents the results of the physical tests performed in the evaluation 
of the safety and structural adequacy of one such system, and dis- 
cusses their significance. The report also presents data concerning 
the complex interaction between components which takes place in 
the building system. 


The primary conclusions reached were: 

(1) The system, as erected in the laboratory, satisfied the per- 
formance criteria which were set for its evaluation with a substantial 
margin. As a system, it exhibited strength and stiffness in excess of 
service and ultimate load requirements. 

(2) The walls of the system behaved as an integral part of the struc- 
ture. They provided most of the stiffness of the system with respect 
to lateral loads, and provided a significant portion of the stiffness 
against vertical loads. 





Post, M. A., Determination of styrene-butadiene and styrene- 
acrylate resins in solvent type paint, J. Paint Technol. 41, No. 
537, 567-580 (Oct. 1969). 


Key words: Chlorinated paraffin; infrared spectroscopy; solvent 
type paint; styrene-acrylate resin; styrene-butadiene resin. 


Styrene-butadiene and _ styrene-acrylate resins are determined 
quantitatively in solvent type paint by two methods. One, a short and 
convenient method, is useful in acceptance testing of Federal 
Specifications paints where the chlorinated paraffins 40 and 70 are 
used in 1:1 ratio. It involves determination of total benzene extract- 
ables and the styrene resin content therein. The latter is evaluated 
by measuring the 3.3 wm/3.5 wm absorbance ratio for styrene-buta- 
diene and the 5.8 wm/3.5 wm absorbance ratio for styrene-acrylate, 
using the baseline method for both. The ratios are obtained from 
infrared spectrograms of cast films of benzene extracts. The styrene 
resin content then is determined from the appropriate standard 
curve. The second method separates the plasticizer (chlorinated 
paraffins) and styrene resin by Soxhlet extraction of the dried 
dispersed paint, first with n-pentane, which removes the plasticizers 
and 5-10% of the styrene resin, and then with benzene, which 
removes the remainder of the styrene resin. A combination of the 
two methods can be used for paints where the type and proportion of 
plasticizers are unknown. Methods are applicable to commercial 
materials. 


Reader, J.. Optimizing Czerny-Turner spectrographs: A 
comparison between analytic theory and ray tracing, J. 
Opt. Soc. Am. 59, No. 9, 1189-1196 (Sept. 1969). 


Key words: Aberrations; coma; Czerny-Turner; geometrical optics; 
plane grating; ray tracing: spectrograph. 


The analytic theory of aberrations has been: used to derive an ex- 
pression for the magnitude of the comatic width of the image in the 
meridional plane in a Czerny-Turner spectrograph with unequal 
mirror radii. The calculated properties of a 4-m spectrograph with 
equal radii and. a recently constructed 3.34-m spectrograph with 
unequal radii are compared with the results obtained by tracing 
individual rays. The agreement is excellent, in contrast to the 
results of Chandler, J. Opt. Soc. Am. 58, 895 (1968). The lateral 
position of the grating for complete elimation of coma found experi- 
mentally with the 3.34-m instrument is also in good agreement with 
the theory. A correction to the V3 longitudinal grating position is 
given for a Czerny-Turner spectrograph which results in a flatter 
focal surface. 


Reed, R. P., Low-temperature mechanical properties of 
welded and brazed copper (Proc. 1968 Cryogenic Engineering 
Conf., Case Western Reserve Univ., Cleveland, Ohio, Aug. 19-21, 
1968), Chapter in Advances in Cryogenic Engineering 14, Paper 
C-3, 83-87 (Plenum Press, Inc., New York, N.Y., 1969). 


Key words: Brazed; copper; low temperature; notch-tensile; tensile; 
welded. 


The tensile and notch-tensile properties of butt-welded and overlap 
brazed copper plate were examined at test temperatures 300, 195, 
76, and 4 °K. The brazed strengths were determined for both /s and 
1/4 inch overlap widths. It was found that the strength and ductility 
of copper joints increase at lower temperatures. Also, the joint 
strength decreases and elongation increases as the brazed overlap 
width is increased. 


Reed, R. P., Schramm, R. E., Lattice parameters of martensite 
and austenite in Fe-Ni alloys, J. Appl. Phys. 40, No. 9, 3453-3458 
(Aug. 1969). 


Key words: Fe-Ni alloys; lattice parameters; martensite. 


The lattice parameters of the martensitic, body-centered cubic 
phase and the face-centered cubic phase were determined for a 
series of Fe-Ni alloys. Compositions ranged from pure Fe to Fe-35 
at. % Ni. Careful Debye-Scherer powder techniques and com- 
puterized calculations and error analyses were employed. The 
martensite lattice parameter has been precisely determined for the 
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first time as a function of composition in Fe-Ni alloys. Results indi- 
cate that the martensite lattice parameter reaches a maximum 
between 9 and 15 at. % Ni and the room temperature lattice param- 
eter of the face-centered cubic phase has a maximum in alloys 
having greater than 35 at. % Ni. The face-centered cubic parameter 
was not measurable in alloys having less than 27 at. % Ni. 


Roberts, D. E., Reerystallization and melting of partially 
melted stark rubber, Rubber Chem. Technol. 42, 540-546 (Mar. 
1969). 


Key words: Crystal size: crystallized rubber; heating rate: melting 
range: melting temperature: oriented; partial melting: recrystalliza- 
tion; rubber: slow melting; stark rubber. 


Two specimens from a piece of stark rubber which had a melting 
temperature originally at 41 °C were partially melted at 38 °C and 
allowed to stand for 11 years, one at about 25 °C, the other at 38 °C. 
The first showed a continuous slow decrease in specific volume, 
while the second increased slowly in volume for 5 months and 
remained constant for about 5 months more before showing the 
continuous slow decrease. The melting temperature of the first 
increased to 45 °C and the melting range was broadened. The 
melting temperature of the second became 52 °C and the range was 
narrowed. Perfecting or enlarging of crystals and the effect of higher 
recrystallization temperatures have influenced the melting tem- 
peratures. The effect of heating rate is discussed in connection with 
slow increases in volume, attributed to relaxation of oriented regions, 
during melting. 


Rockett, J. A.. Planned operation of the National Bureau of 


Standards Fire Research and Safety Office, Fire J. 63, No. 6, 
4]—43 (Nov. 1969). 


Key words: Fire: research program. 


The proposed program for the Fire Research and Safety Center is 
outlined. This consists of (1) Statistical studies on deaths and 
injuries in fires and on the effectiveness of fire protection measures: 
(2) A study of the way in which fire grows and spreads in a building: 
and (3) Three programs related to fire service operations: (a) The 
use of Operations Research: (b) Improvement of breathing masks: 
and (c) A study of fire service training and education. 


Ruthberg, S., Calibration to high precision in the medium 
vacuum range with stable environments and micromanom- 
eter, J. Vacuum Sci. Technol. 6, No. 3, 401-412 (May/June 1969). 


Key words: Calibration: capacitance-diaphragm gauge; medium 
vacuum range: micromanometer; stable pressure generation; 
vacuum measurements. 


Ultra stable vacuum environments are utilized with a micrometer 
point contact manometer as reference standard for measurement and 
calibration with an uncertainty of 1.2 x 10-* torr+6 parts in 10° of 
the reading from least count to several torr. The stable pressures are 
generated by dynamic vacuum systems and a servo control loop with 
cascaded error signals from a capacitance-diaphragm gauge for 
stabilities of better than 1 part in 10° at 1 torr. Precise evaluation of 
systems and procedures is given. Operational factors affecting ac- 
curacy were studied, such as sorption in the manometer fluid, 
pressure distribution in the test chamber, time constants in the 
micromahometer, and thermal response of the control loop. 


Rybicki, G. B.. Hummer, D. G., Non-coherent scattering—V. 
Thermalization distances and their distribution function, 
Vonthly Notices Roy. Astron. Soc. 144, 313-323 (1969). 


Key words: Noncoherent scattering; radiative transfer; spectral line; 
thermalization length. 


The distribution function for thermalization lengths is derived for an 
infinite atmosphere with a plane source. Precise definitions of the 
thermalization length are discussed from the point of view of rep- 
resenting the distribution by a single characteristic length; of 
these a definition in terms of the medium of the distribution seems 
to be most useful. The distribution of longest flights is derived and 





shown to provide a good approximation to the distribution of ther- 
malization lengths at large distances from the source. Extensive 
numerical illustrations are provided. 


Simson, B. G., Radlinski, R. W., The accuracy of air tower 
pressure gages in suburban Washington, D.C., Nat. Bur. 
Stand. (U.S.), Tech. Note 512, 10 pages (Dec. 1969), 25 cents, SD 
Catalog No. C13.46:512. 


Key words: Air towers; tire pressure. 


\ survey of 50 air tower pressure gages in service stations of subur- 
ban Washington, D.C., was performed. Results showed that a motor- 
ist using these towers has only a 20 percent chance of inflating his 
tires within +1 psi of the pressure indicated by the tower's gage. 
It is shown that a calibration of the tower gages would reduce the 
standard deviation of the obtained pressure to 0.5 psi. 


Sparks, L. L., Powell, R. L., Hall, W. J., Progress on cryogenic 
thermocouples (Proc. 1968 Cryogenic Engineering Conf., Case 
Western Reserve Univ., Cleveland, Ohio, Aug. 19-21, 1968), Chapter 
in Advances in Cryogenic Engineering 14, Paper H-4, 316-321 
(Plenum Press, Inc., New York, N.Y., 1969). 


Key words: Cryogenics; gold alloy; thermocouples. 


Experimental tests between 4 and 280 K have been completed on the 
following thermocouple materials: Chromel; copper, “normal” 
silver, platinum, si/ver-28 at. % gold, constantan, Alumel, and gold- 
(0.02, 0.03, 0.07) at. % Fe. Many thermocouple combinations can be 
made from the above materials; the four most important being 
Chromel vs. constantan, copper vs. constantan, Chromel vs. Alumel, 
and Chrome! vs. gold-0.07 at. % iron. Results on the last combination 
are of particular interest for measurements near liquid hydrogen 
temperatures and will be presented in some detail. The calibration 
cryostat is described briefly. Special methods of measurement and 
data analysis have been designed to study and minimize systematic 
errors. Simple illustrations of these measurement schemes are given. 


Standard Reference Materials, Catalog and price list of 
standard materials issued by the National Bureau of Stand- 
ards, Vat. Bur. Stand. (U.S.), Spec. Publ. 260, 1969 Edition, 44 pages 
(July 1969) (Supersedes NBS Misc. Publ. 260—1968 edition), 50 
cents. 


Key words: Analysis; catalog: certificate: characterization; com- 
position; price list; property of material; purity of material; standard 
reference materials; standards. 


This catalog describes the various Standard Reference Materials 
issued by the National Bureau of Standards. These materials are 
used to calibrate measurement systems and provide scientific 
information that can be referred to a common base. A schedule of 
prices and quantities is included for each material, as well as direc- 
tions for ordering. Listed are the types and compositions of those 
chemical standards that are presently available. Announcements of 
new standard reference materials are made in the Federal Register, 
in scientific and trade journals, and in the Technical News Bulletin 
of the National Bureau of Standards. Changes affecting the current 
status of the various standards will be indicated by an insert sheet 
available quarterly from the Bureau. 


Taggart, H. E., Field strength and RFI standards at the Na- 
tional Bureau of Standards, Proc. [EEE Electromagnetic 
Compatibility Conf., Seattle, Wash., July 23-25, 1968, pp. 149-158 
(1968). 


Key words: Antenna electromagnetic interference standards; 
calibration; measurement techniques. 


Some of the calibration services offered to industry and other 
governmental agencies by the National Bureau of Standard’s Radio 
Standards Laboratory are discussed. The emphasis is placed on 
field strength measurements and related calibration services at 
frequencies from 30 Hz to 12 GHz. These include the calibration of 
3 basic types of antennas: (1) Loop antennas, (2) Half-wave dipole 
antennas and (3) Horn antennas. Methods of calibrating these 
antennas are described and illustrated. 


144 














A discussion of calibration problems at microwave frequencies 
emphasizing the measurement errors as related to the antenna and 
receiver voltage standing wave ratios (VSWR). Antenna and receiver 
VSWR’s are exemplified, and corresponding measurement errors 
are shown. Methods of estimating errors are given. 


The National Bureau of Standards recently designed and constructed 
some antenna standards for both the Air Force and the Navy. These 
standards were designed to calibrate loop and half-wave dipole 
antennas. The frequency range is 10 kHz to 1000 MHz. These 
antenna standards are briefly described and illustrated. 


The future plans for the development of antenna standards and 
broadband EMC standards at the National Bureau of Standards are 
discussed. Work is in progress in areas of impulse generators, 
random noise generators, and other instruments. 


Thompson, B. A., LaFleur, P. D., Activation analysis for molyb- 


denum in samples containing large amount of tungsten, 
Anal. Chem. 41, No. 13, 1888-1889 (Nov. 1969). 


Key words: Activation analysis; molybdenum; radiochemistry; 
solvent extraction; technetium; tungsten. 

Molybdenum has been determined by neutron. activation analysis in 
the presence of large amounts of tungsten using a double extraction 
with bis(2-ethylhexyl) orthophosphoric acid (HDEHP). In the first 
estraction W and Mo are separated from the matrix elements. In the 
second extraction, made after equilibration of "Te with * Mo, the 
“™T ce daughter of “Mo is separated from W and Mo and used as a 
measure of the Mo present. The method is very rapid and has good 
precision and accuracy. 


Wiederhorn, S. M., Fracture of sapphire, J. 4m. Ceram. Soc. 
52, No. 9, 485-491 (Sept. 21, 1969). 


Key words: Crack propagation; cracks: double-cantilever-cleavage 
technique; fracture: fracture surface energy; sapphire. 


The fracture of sapphire was studied using the double-cantilever- 
cleavage technique. Fracture surface energies of 7.3 and 6.0 J/m? 
were found for the (1010) and (1012) planes respectively. Attempts 
to measure the fracture surface energy on the (0001) plane proved 
unsuccessful. The failure of sapphire to fracture along the basal 
plane was attributed to the fact that these planes lack charge 
neutrality. The possibility of fracture induced dislocation motion 
in sapphire at room temperature was investigated. No evidence for 
dislocation motion was found and it was estimated that dislocations 
do not move in sapphire at room temperature at stresses less than ap- 
proximately 7X 10® N/m? (10° psi). Fracture behavior on (1012) 
planes was found to be erratic, varying from boule to boule. The 
topology of surfaces formed by crack propagation along this plane is 
described, but no explanation for the erratic behavior or the observed 
fracture features is given. 


Weir, C. E., Piermarini, G. J., Block, S., Instrumentation for 
single crystal x-ray diffraction at high pressures, Rev. Sci. 
Instr. 40, No. 9, 1133-1136 (Sept. 1969). 


Key words: High pressure; single crystal; x-ray diffraction. 


A diamond-anvil high pressure cell made of beryllium, a special 
goniometer head and a Buerger-type camera designed for X-ray 
diffraction by single crystals at high pressures are described in 
some detail. The most important problems still to be solved are 
discussed. 


West, E. D., Ishihara, S.. Experimental evaluations of heater 
lead error in calorimetry, Rev. Sci. Instr. 40, No. 10, 1356-1359 
(Oct. 1969). 


Key words: Calorimeter; energy measurement; errors in calorimetry. 


Improper location of the potential leads for calorimeter heaters can 
cause an appreciable systematic error. Calculations to estimate 
limits on this error are usually based on greatly simplified heat flow 
problems. An easily understood experimental test not involving such 


simplifications provides a more convincing demonstration of a 
limit on the magnitude of the systematic error. Such a test is pro- 
vided by measurements with the same or equivalent heater leads 
and heaters of very different resistances. 


Williams, R., The effects of extended high-temperature 
storage on the performance characteristics of several 
strain gage pressure transducers, Vat. Bur. Stand. (U.S.), Tech. 
Vote 497, 22 pages (Oct. 1969), 30 cents. 


Key words: Life testing: pressure transducer: sensitivity shift; 
strain gage; temperature cycling; temperature storage; zero shift. 


This publication reports the results of a test program to evaluate 
the effects of high-temperature storage on the performance charac- 
teristics of several types of commercial strain gage pressure trans- 
ducers. The results obtained indicate shifts in the zero pressure 
output and the sensitivity, some of which are permanent. The 
equipment used and the procedure followed are described. 


Wilson, W. K., Hebert, R. L., Evaluation of the stability of 
record papers, Tappi 52, No. 8, 1523-1529 (Aug. 1969). 


Key Accelerated aging: aging; deterioration; laboratory 
aging: preservation; records; stability. 


words: 


Information has been developed on the relative stabilities of papers 
made from a variety of pulps including groundwood, neutral sulfite 
semichemical, bleached chemical wood and rag. After laboratory 
aging at 90° C and 50% relative humidity for various time periods. 
changes in reflectance. pH, folding endurance, tear, burst, and 
tensile properties were determined. Alkaline papers as a group 
were more resistant to laboratory aging than any of the others. The 
papers made from groundwood also showed good resistance to aging. 
Papers containing large percentages of neutral sulfite semichemical 
pulp covered a wide range of stability depending on the pH. The pH 
was an important factor in laboratory aging, but the correlation 
between pH and the rate of deterioration of physical properties was 
not high. 
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